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Preface

The contents of this book are the proceedings of the
“Symposium on the Bicavalability and Dietary Exposure of
Lead". which was held dunng September 24-27, 1990, in
Chapel Hill, North Carolina.

Over the last several years our increased knowledge of the
health effects from exposure 10 environmental lead has driven
researchers (0 strive for a better understanding of how
individuals come into contact with lead. and how the human
body reacts to the contact. It is generally accepeed that the level
of eavironmental lead 10 which a person living in the Unised
States is exposed is declining. This is credited in large part 10
the elimination of ieaded gasoline, resuicting lead in paint,
reducing lead solder in cans for food and water supply lines,
and a better undersianding of the consequences of lead exposure
on the heaith of humans. It is equally accepied that adverse
health effects from lead exposure for particularly vulnerable

. populations, such as smail children and women of child-bearing

age, are becoming more apparent, ¢ven at significantly reduced
levels of exposure. Hence, environmental lead continues 10 be
one of the most significant heaith-related issues challenging the
regulatory agencies who are responsibie for the safety and
health of our peopie.

This symposium has successfuily brought together wo
groups of scientists with distinct backgrounds: scicntists
associated with monitoring lead and other woxic meals in food
supplies of their respective nanons and scicntists and regulators
involved with the understanding of the bicavailability of lcad
from primary soil and dust. The first day and one haif of the
symposium was devoted 10 dietary uptake of lead and the
remaining two and one haif days (o0 bicavailability of lead.

Dietary Exposure
In the mid-1940s, dictary ingestion of lead in the United States

- was estimated 10 be 400-500 ug day~'. By the late 1970s, the

estimate had dropped 1o 100 ug day™', and the more recent
measurements in the mid-1980s would indicate a more than
ten-fold overall reduction in dietary lead exposure aver the last
forty years. While highly encouraging, the evidence of health
refated discase from lead ingestion and inhalation demands that
the lcvels be further reduced. :

The dietary expomure program (or this Symposium was
designed 1o first present a global averview of the levels of woxic
metals in the diets of popuistions around the worid, and then
provide a forum foe discussion of the methods of assessing and
monitoring lead in the diets of critical populations.
Representatives (rom Switzerland, Sweden, Yugosiavia,
Poland, the Uniicd Kingdom, France and the Unitcd Siates
auended this symposium to sharc thecir experiences and
concermns in monitoring and conurolling the amount of lcad in
the dicts of the populations of their respective countries and the
world. Twenty-five countries have panicipawed in the Food
Contamination Momitoring Program. a component of the Global
Environmental Monitoring Sysiem (GEMS) established by the

~ Uniwed Nations Environmenal Program.

A broad range of dietary exposurcs 10 lead is reponed

worldwide. Areas of Europe where leaded gasoline prevals
were amony Lhe countries reporung the highest leveis of diewary
lead. [n several counues, dietary lead alone far exceeds the
current joint FAO/WHO prowvisional wierable weekty tntake of
lead from all sources (25 ug kg™! of body weight). In the USA.
where dietary lead levels are reported to be the lowest
worldwide, it is estimased that 43% of the 10l exposure w0 iead
for women of child-bearing age comes from their diet. The
significance of reducing dietary lead in protecting human heaith
is clearly eswbiished.

The program session on assessing dietary exposures 0
lead in critical populations focused on the methods for
measuring consumption and contamination ieveis of lead in the
diets of those populations most vulnerable - the small child and
the young woman, particularly those living in high lead-.aden
environments. A diverse group from the US and aoroad
presemed procedures for assessing exposure from dicuary
sources. Measurement methodology presented inciuded
nauonal ‘market-basket’ surveys designed o assess the guality
of a nation’s food supply. Also presented were the more specific
‘duplicate diet’ techniques aimed at targeting sub-populanons
where exposure estimates are needed with a high degree of
cerainty. Of panticular interest were presentations conceming

the probiems associated with cbuaining reliable dietary date——

from inner-city populations and the short-term. high-ievel
exposures associaled with storing beverages in. and dnnking
from, lcad crysial.

Bloavailability of Lead

The concept of biological availability as appiied 1 public heaith
risks from environmental pollutants involves risks that are
actualiscd when the substance in a bioactive form is delivered
10 the sites of wxic acton. The specifics of the delivery are
modulated by the many (actors discussed in this symposium,
including the nature of the iead-containing environmental
matrix in sources and pathways.

The biological availability of a substance (nutrient, drug
or humen environmental \oxicant) is the fraction of substance
cntering the sysiemic circulation (extent of systemic absorpdon)
snd ths rass ai which enwry occurs. The bioavailsbility of
eavironmenal lead in human populations is defined by the
biological aspects of lead uptake from body cosiparunenmts, the
biophysical-chemical behaviour of different lead species in
body comparniments, interactive relationships of lead with other
species in body compartuments and woxicokinetics of lead in the
human body. We are here concerned with intake/uptake of
cxogmlad.bmitshoddbekepthminddmnlaseo(
lcad from body stores such as the skecleton produces
bioavailable lead and endogenous lead exposure.

Biological determinants -include (1) interspecics
differences, e.g. ruminant vs monogasiric species such as
humans, (2) the site of lead uptake in the gastro-inicstinal wract.
(3) the physiological and molecular processes underlying lead
uptake and ransport 10 the sysiemic Circulation from the gut,
and (4) the stage of physiological development, ¢.5. children vs



aduits and youngymicdle-aged aduits vs the aged.

Major topics areas discussed at the symposium and
presented here include: issues relaung to the bioavailability of
lead n soil.and dust: animal feeding studies on the
bioavailability of lead in soii and dust: and sie specific
¢pidemiology studies.

Research Needs

Following the presentation of over thirty papers within seven

sessions, the symposium concluded with a panel discussion and

audience participation on the research needs and

recommendations related to dietary exposure and

bioavailability of lead. The following major needs were

identsfied:

| Additonai dietary studies to better identify the levels of
lead consumed by small chiidren and to identify the
sources of contamination.

2 Improved drinking water data for both consumpton and
contamination levels,

3 Improved absorpuon factors of lead for improved modelling
of exposure.

4 Determination of the bioavailability of lead from different
sources in soil and dust.

5 Improved knowiedge of the consequences of sludge

compost on environmentai lead.

6 Additional information of conversion of insoluble forms of
lead in soil &t Superfund sites.

7 More study on the physiology of how lead changes as it
travels through the intestinal tract.

8 Improved animal mode! for bioavailability of lead.

9 Development of a dust model for lead.

SEGH

The Society for Environmental Geochemistry and Health was
formally established on July 1, 1971, as a result of a series of
interdisciplinary meetings and symposia. The Society is
committed to furthering interest and knowledge of the effects
of the geochemical and anthropogcenic environment on the
health and diseases of plants and animals. Members represcent a
broad range of scienufic disciplines. und reflect a cross section
of industry, government and academia.

The Socicty aclively promotes scicntific communicauon
and exchange of vicws among members through conferences,
‘symposia. the joumal Environmenial Geochemisiry and Ilealth,
a newsicuer /mterface and a serics ol Monographs. The Socicty
recently sponsored a Lead in Soil Task Force that developed a

10 Formauon of an dversight panel 0 advise anc toor&inie
soil lead studies.

11 Database for paint and its inclysion in iead exposur
models.

12 Time scales for the recontaminauon of houses abated 3
lead.

13 Improved neurologicai effects daw reiated to dlood. ocne
and brain lead levels.

14 More background lcad data for use in the deu:rmmauon of
coniamination before clean-up acuvities are deemeg
necessary. .

1S An operational definition of bicavailability.

16 Improved understanding of animal feeding studies and ther .
implication 10 human heaith. 3

17 Mmﬁmdmwwmmww
between diet and so0il consumption. .

The symposium coordinators want to thank all of hose:
who supported the symposium. Most especially we
acknowledge gratefully the speakers and contnbuung axnoees
for their major contributions to the symposium. |t eas amyv
through their experuse and hard work that the sympoanes «as
successful.

Maurice A. Bervy -

Environmental Monitonng Systems Laborasory.
Cincinnan. Ore® . SA

Roben W &hes

Environmental Critena Assassmont Office RAesserch
Triangle Park, North Caromre . SA

US Environmental Protecnon Agercy

Program Cooranasors

sustegy (or reguiating and mitigating s0il as a source of lead,
as well a3 an inmmational conference on the subject. The
current volume is pan of 2 continuing effort 1o share knowledge
conceming the complex nature of lead in our environment. The
Socicty is pleased 10 be a co-sponsor of this symposium, 0
facilitaie the review of this volume and looks forward 1o further
involvement in fosicring research to beuer understand and deal
with the cxistence of lead in our environment.

C. Richard Cothern
Presigent
Saciety for Environmental Geochemistry and Health.
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Global Overview of Dietary Lead Exposure

H. Galal-Gorchev

International Programme on Chemical Safety, World Heaith Orgarization, Geneva, Switzertand

Introduction

The joint UNEP/FAO/WHO Food Contamination Monitaring
Programme, or GEMS/Food, is a component of the Global
Environment Monitoring System (GEMS) esuablished by the
United Nations Environment Programme. The major objective
of the Programme is to collect, assess and disseminate
information on levels and rends of contaminants in food, the
magnitude of dietary exposure and significance with regard to
public health. At present 39 countries, including the United
States of America. participate in GEMS/Food.

Information on the dietary intake of contaminants is of
speciai interest 10 GEMS/Food since by comparison with
tolerable intake levels that have been established a
determination can be made as to whether or not consumers are
likely to be at nsk. In order t0 encourage international
cooperation in such exposure studies, Guidelines for the Study
of Dietary Intake of Chemical Contaminants have been
published (WHO, 1985). The basic objective of these
Guidelines is to aid countries with varying resources to assess
the risk of human exposure w chemical contaminants in the
food supply. The guidelines provide a detailed description of
procedures and methods by which such dietary intake studies
may be conducted and have encodraged several countries to
conduct such studies and 10 make available the information o
GEMS/Food. Such dietary exposure assessment will enable
national health authorities (0 make sound decision in the
regulation of chemical contaminants in food and thus ensure the
safety of the food supply with respect to these substances.

. Since 1980, a systematic effort has been made to collect
information on the dietary intake of varioustontaminants
including lead. The form used for the collection of the daa is
given in Annex 1. Summary repons of these data have been
issued (GEMS/Food, 1986a: 1988; in press) and periodic
assessment of these data have been issued out (GEMS/Food
1982, 1986b: UNEP/FAO/WHO, 1988). The GEMS/Food bank
is located &t WHO, Geneva.

X

International Recommendations

In 1972, the Joint FAO/WHO Expert Commitiee on Food
Additives (JECFA) established a Provisional Tolerable Weekly
Intake (PTWT) for dietary lead of SO ug kg~ of body weight,
applicabie to adults only, and nowcd that any increase in the
amount of lead derived from drinking waier or inhaled from the
atmosphere will reduce the amount that can be wierated in food
(WHO, 1972). The PTWI was rcconfirmed by JECFA in 1978
(WHO, 1978). Because of the special concem for infants and
children, JECFA later evaluated the health risks of lead 0 this
scnsitve segment of the population and reduced the PTWI 10
25 ug kg~! of body weight. This level refers 10 iead from all

sources. [nfants and children are more vuinerabie 0 exposure
0 lead than adults because of metabolic and behavioural
differences (WHO, 1987).

A guideline value of 0.05 mg L-! has been recommended
for lead in drinking water (WHO, 1984). This value is at present
under review. Within the Joint FAQ/WHO Food Standards
Programme. maximum levels of 0.2 mg kg~! 10 2.0 mg kg~
have been established for lead in 2 number of foods sech as
sugars, cocoa products and fruit juices (FAO/WHO. 1984) The
International Organization for Standardisation established
maximum limits for the release of lead from cerams ware of
1.7 mg dm=? for flarware and 2.5-5.0 mg L™' of exeracnom
solution for hollow-ware (ISO, 1982).

Dietary Intake of Lead

Adults :
Information on the average dietary intake of lcad by sthets @

availabie (rom 25 countries. Intake data for the mon recem vesg—v o

provided by these countries, varying from 1980 w 18 gore
given in Figure 1 and range from [-63 ug kg™' bosv eewgm
week ™!, Intakes stightly exceeding or approaching the PTW1 ge
reported for the average adult in Cuba (1984), Indes . 1981),
Italy (1982) and Thailand (1987). The lowest intake » reparwd
by the USA (1988). There are thus considerabie diffarences »
lead intakes reported from different countries. Whether tass
differences are real or partly due to factors associased wah the
study approach remains to be assessed. Inadequacies in
analytical quality conrol may aiso account for some of the
differences. '

In a 1987 intake study in Australia, the 95th percenale
consumption of foods were chosen for the dietary intake
caiculations (0 represent the likely maximum intakes (NHMRC,
1990). For the ‘extreme’ adult consumer, the lead intake was
about 17 pg kg~! body weight week™! or approximately four
times the intake of the ‘average’ adult. Similarly, 2 mean inke
of 25 ug kg~! body weight week™! reported by New Zealand in
1982 may be pardy due 10 the greater average weight of the diet
used in these studies (3.3 kg day™!, excluding drinking waser).

As a rough rule-of-thumb, the 95th percentile consumers
of food in general have an intake of food that is twice the
average consumption of the population as a whole, while the
ratio between the mean and the 95th percentile consumption of
a particular food appears (0 be roughly three times the mean
consumption (WHO, 1985). Therefore, intake of the average
adult populaion in a country if approaching the PTWI, should
be viewed with some concern since a cenain segment of the
popuiation, because of varying dietary habits, may exceed the
PTWL

In 2 1980 study in Denmark, the average adult weckly
intake was 8 ug kg~! body weight. An appreciable increase in

+ Special issue incorporatine the Proceedines of the Symposium on the Bioavailabilitv and Dietary Exposure of Lead.
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Figure 1 Average inake of lead. Adults (1980-1988).

Figure 2 Trends in lead intake by adults by country.




H. Galal-Gorenev

Table 1 Comribution of varnous foods o the iniake of lead
by adudis as reporied by countries.

Countnies Food % of total
intake
Canada Vegetables 17
Meavfish/pouitry 17
Beverages 15
Cereals and products 15
Fruits and juices 10
Denmark Meat, wine, dairy
products and coffee
contribute most to
lead intake
Finland Cereais and products AU
Fruits 2
Beverages, sweets, eic. 20
Milk and products 17
Vegeubies 9
Netheriands Drinking-water 30
Cereals and products 17
Vegeubles 12
Wines and Spirits 9
Fruits 6
United Kingdom Bread and cereals 15
Beverages. . 14
Potatoes - 10
Milk : 9
Canned vegetables 8
Australia Tea ‘ 20
Meat 8

mcan lead intake was noted with consumption of one quarser of
a litre of wine per day (23 pg kg~' body weight week™), in
areas where vegetables are grown close 0 roads with heavy
waffic (39 ug kg™ body weight_ week!) and in areas where
adults are living around a secondary lead smeiter near
Copenhagen (33 ugkg™! body weight week™'). Daia from
Poland aiso indicate that dietary intakes increase in industrial
areas,

In 2 1981 smdy in the Unised Kingdom, the population
studied was living in an area where icad concentrations in tap
walcr were considerably higher than average (1.5 mg L-1). The
toal intake of lead was 48 pg kg™ body weight week™! in
comparison 10 a nationwide average of 7 ug kg body
weight week™!. Some countries have provided dietary intake
information o GEMS/Food over severai years. Trends in lead
intake arc shown for some countries in Figure 2.

It appears that 2 downward trend in lead intake has taken
place in the UK and the USA. The decreasing trend in the USA

coincides, in the early 1980s, with a drastic reduction in the use .

of lead-soldered cans and also the icad content of petrol.

Foodstuffs which conmibute most w the wotal intake of iead
by aduits vary from country to country and have been idennfied
as being alternately drinking water, beverages. cereals,
vagetables and fruit (see Table 1). In spite of high leveis of lead
that mav be found in canned foods. because of their refauvely
low consumption, these were not identified as major
contributors to the intake. The siwaton is different for
beverages which may congibute significandy to the ke
because of the high volume consumed.

Infanss and Children

Relatively few countries report dietary intake of lead by infants
and children. The intake by infants and children up 10 12 years
of age are given in Figure 3. Since the PTW1I of lead for infants
and young children refers 10 the maximum intake from ail
sources (food. water, air, dust, etc.), the average inwake rom
food shoald be wetl below the PTWT of 25 g kg~! body weight
0 allow for exposure from other media (WHO, 1987 The
PTWI is exceeded in Poland (1985), Federal Republic of
Germany (1980) and Hungary (1983).

Infants’ lead intakes can be strongly influenced by the lexd
content of water and storage of infant formulas in lcad soidered
cans. Mean intakes far in excess of the PTWI un the 100
ug kg~! body weight week~! range) were obtained in suabes
carried out in the Federal Republic of Germany (19801 and the
United Kingdom (1981) in areas with high lead conter = ap
waser. This increase in dietary iead results from the waser xsded

10 dehydrated infant formulas and infant cereals. as wetl as theme==r

waser which is consumed direcdy. [n a 1987 study 1n Canaca,
when ready-w0-use formuia stored in lead soldered cans «as 1cd
10 one month-old infants, the intake amounted 10 37 ug kg~
body weight week™! and was thus higher than the PTWI. [n
several countries, the lowest intake is reported for (nfants who
coansume only breast milk,

In Poland. the intake of children living in industnal areas
amounted t0 33 ug kg~! body weight week™! and was doubie
that of children living in non-industrial area.

No trends can, as yet, be firmly established for lead inake
by infants and children, except in the USA where a decreasing
trend is- noticeable. (Figure 4).

Levels of Lead in Food and Estimated Contribution of
Various Foods to Lead Intake

Lead is one of the most frequently moaitored contaminants in
food. with about 30 counwries in the GEMS/Food network
providing exiensive data on concentrations in a wide vanety of
foods. In the momitoring programme. emphasis is placed on

“staple foods such as cereals and potatoes and on foods that are

most likely 10 contain high levels of lead (canned food.
shellfish).

In spite of the very large data base availabic, very few
countries reported results on the same food over scveral years,
thus limiting the possibility of identifying any time trend within
a country. Moreover, the specific food items monitored differcd
appreciably from one country 10 another, again limiting the
possibility of making comparisons between counurics.

Nevertheless, the GEMS/Food nctwork provides some
indication of the current lcvels of lead in broad (00d groups.
Figure 5 shows that , in general, spices and herbs. canned (ood

and beverages, are higher in lead conent than cereals, fruit,
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Table 2 Estimated intake of Pb based on global diet and GEMSIFood dasa.

Commodity Global Typical Estimated ]
diet Ph levels inake of wual
(g day™) (mgkg™)  (ugday™)
Cereals 405 0.06 24 99
Root and wber 301 0.05 15 6.1
Fruit 236 0.05 12 48
Vegesables 182 0.05 9 7
Ment 108 0.05 5 2.1
Sugar and honey 58 na
Milk (solids) and products . 55 0.03 6 23
(eqiv 185 lig. and prod.)
Vegetable oils and fats 38 0.02 1 03
Fish 3 0.1 3 13
Pulses 22 0.04 1 04
Eggs 17 0.02 0 0.1
Nuts and oilseeds 16 0.04 1 03
Stumulants 7 na ’
Crustaceans and molluscs 6 0.2 1 0.5
Offal 6 02 1 05
Animal oils and fats b na
Food NES 5 na
Spices and herbs 3 03 1 04
Totl 1.500 80 326
Drinking water 2,000 0.02 40 16.2
Canned beverages 600 0.2 120 48.7
Canned food 30 02 6 24
Grand ol 246 100.0
or 29 ug kg’ body weight week™'
(PTWI = 50 ug kg™ body weight week™')
na - not available.

- assumes canned food consumpeion 2% of weal.

meat and vegetables. Some canned fruit juices had leveis of lead
greater than Codex maximum contaminants levels. Further,
levels in shelifish are higher than fish and levels in offal are

. substantiaily higher thas in meat muscie.

Survey data on average contaminant leveis in food,
ogether with food comsumption data, can be used 10 obtain
rough estimates of intakes. In the absence of dietary inmke
stdies, this approach can be used by governmenss 0 make
preliminary assessment of likely dietary exposure and
tentatively identify foods that are major contribusors 10 the
intake. GEMS/Food survey data, together with a hypothetical
‘global’ diet are used in Table 2 1o illustrate such an spproach.
The global diet which is representative of an ‘average’ adult is
based on FAO Food Balance Sheets and has been
following the recommendations of the Joist FAQ/WHO
Consuluation on Guidelines for Predicting Dietary Intake of
Pesticide Residues. [t is being used o0 predict intake of pesticide
residues (WHO, 1989). This gioba! dies is obtained from the
highest average food consumption values from five regional
diets and normalising 10 8 10tal daily consumption of 1.5 kg of

solid food, i.e. exciuding the liquid content of juices or milk,
The contribution of various foods 0 the intake of a
contaminant depends of course on the quantity of the food
consumed and the contaminant concentration in that food. In
this exampie, the major contribusors t0 the total intake of 30 ug
kg~! body weight week™! are in descending order. canned
beverages, drinking water, cereals, root and tuber vegetabies
and fruit, It is of interest 10 nowe that as shown in Table | most
of these (oods have aiso been identified by several countries as
being the major contribusors w0 lead intake. In spite of relatively

. high levels of lead found in shellfish, offal, spices and canned

food, their contribution 10 the total intake of lead is minimal
because they are only consumed at low levels.
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(Annex 1)

JOINT FAO/WHO FOOD CONTAMINATION MONITORING PROGRAMME

Seriai Number:
Dietary Incake of Contaminant Data Form

(see instruccions for encering daca) Dace:

1.  COUNTRY

leave blank

[ILL]3

T {0
1

| 11

2, SAMPLING PERIOD month year to month year.

3. TYPE OF DIET:
total diec(give nymber of composites or individual

foods )

a.

b.or
foods )

selective studias of individual foods (give number of

c.or duplicate portions (entire , OC part )
if part give details in item 17

d. or_othcr

4. TOTAL NUMBER OF FOOD ITEMS INCLUDED

'i,
L1t i]:

S
o
b

—
-y

q_ "L’E

T

§.  BEVERAGES INCLUDED__ coffee/tea/sofc drinks, drincing

wacer, and/or alcoholic drinks.

6. PREPARATION OF DlET_cool;cd s uncooked or__bo;

7. DESCRIPTION OF PERSONS CONSUMING DIET

8. AVERAGE BODY WEICHT kg

9. DAILY CONSUMPTION OF OLET g/person/day
10. CONTAMINANT

fl1. NUMBER OF DIETS ANALYZED

12, MEDIAN CONTAMINANT }NTAlt ug/person/day
13. 90TH PERCENTILE CONTAMINANT INTAKE __ yg/person/day
14, MEAN CONTAMINANT INTAKE ug/person/day
15. ANALYTICAL QUALITY ASSURANCE_yu_no

16.

RESULTS PUBLICATION (give full reference or actach copy):

17, REMARKS_

EEFE T

LLLILL]]

,(LLllllll
T

{17
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Dietary Exposure to Lead and Cadmium in Sweden

S. Slorach, L. Jorhem and W. Becker
National Food Aaministration, Box 622, S-751 26 Uppsala, Sweden

Abstract

A duplicate diet study on male and female pensioners in 1970-71 showed mean daily dietary lead intakes of 30 ug and
19 ug respectively. The corresponcing cagmium intakes were 10.5 ug and 12.9 ug. Analysis of duplicate diets co!'ected
duning seven consecutive 24-hour periods from 15 women in Stockhoim in 1988 showed a mean daily lead intake of
26 ug (range 13~40 ug). The corresponding cadmium intake was 8.5ug (range 5.7 - 14ug). Analysis of faeces san'vics
corresponaing ta the auplicate diets showed similar lead and cadmium comems (maan lead content 24 ug day™', range
1041 pug day™' . mean caomium content 8.9 pg day™', range 5.5~12 ug day” ) The median lead and cacmum
concentrations in human mik collected in Uppsala were 2 ug kg™ and 0.1 mg kg™’ respectively. The median weekly
intakes of lead and cadmium by the breast-fed infants were caiculated to be 2 ug kg~ body weight and 0.1 ug kg™'

body weight. Analysis of seven daily diets. together representing the weekly diet of an aduit Swedish male. showed a
mean lead content of 26 ug (range 15—45 ug), and a mean cadmium content of 10 ug (range 7-15 ug). The mean daily
intakes of lead and cadmium found by analysing market baskets prepared in 1987 were 17 ug and 12 ug respectvely.
Calculations based on food balance sheet data and levels of lead and cadmium in individual foods showed mean daily

intakes of 30 ug lead and 14 ug cadmium per person.

Introduction

In Sweden, dietary exposure 10 lead and cadmium has been
estimated by anaiysing duplicate dicts and market baskets, and
by combining information on food intake with data on the levels
of lead and cadmium in individual foods. The major studies
carried out during the last two decades are reviewed here. In
addition, action being takcn by the Swedish National Food
Administration 10 reduce lead levels in food is briefly discussed.

Duplicate Diet Studies

Dalby study on pensioners

Schiz (1979) reponed the results of the analysis of duplicate
diets collected in 1970-71 from 68-69 year-oid pensioners in
Dalby in the south of Sweden. This was pan of an extensive
study on nutriion and health in old age. The diets were analysed
by flame atomic absorption spectrophoiometry after wet ashing,
chelation of the mewls, and extraction into an organic phase.

. The resuits for lead are shown in Table 1, and those for
...cadmium in Table 2. They show that the female pensioners

consumed less food and had a lower imtake of both lead and

cadmium than the males.

c

.. . The LEAL study in Stockholm

Exposure monitoring of lead and cadmium was carried out in
Swckholm in February-March, 1988, as part of the Unised
Nations Environmecnt Programme (UNEP)/World Health
Organization (WHO) Human Exposurc Assessment Locations
(HEAL) Programme (Vahicr and Slorach, 1990; Vahier et al.,

x¢.1991). Personal exposure via air, food and beverages was

during scven consecutive 24-hour periods. The study

was carried out on 15 non-smoking women. 2746 years of 3gCmmm—

and not occupationally exposed to lead or cadmium.

Dupilicate portions of all foods and beverages. inciuding
drinking water but not certain medicines and chewing gum,
consumed during the entire study period were collected as
24-hour samples. Desiled food records were kept by each
participant so that the relation between high lead and/or
cadmium intakes and the ingestion of certain foods could be
studied. However, the subjects were not asked 10 record the
weight of each food item coasumed, since it was feared that the
extra work and inconvenience involved wouid mﬂuence their
food consumption.

The sampies were amalysed for lead and cadmwm by
graphite furmace atomic absorption spectrophotometry
(GFAAS) afier dry ashing. Extensive analytical quality control
was carried out using freeze-dried simulated human diets with
a range of lead and cadmium leveis (Vaheer et a/..1990. 1991;
Jochem and Slocach, 1988).

The daily dietary intakes of lead and cadmium are shown
in Table 3. There were very wide day-io-day varisuons in the
amounts of lead and cadmium in the duplicase daily diess: this
is illustrased in Figure 1. The lead content of the 105 diets from
the 15 subjects varied from 4.4-130 ug, and the cadmium
content varied from 1.8-56 pg.

From the subject’s food record it was possible to correlate
high intakes of lead with the consumpuioa of wine or canned
foods. Foods packed in lead-soldered cans, and winc, have been
shown 10 contain relatively high lead levels (see, for example.
Slorach and Jorhem, 1982: Jorhem, Mausson and Slorach,
1988).

High intake of cadmium could in many cases be rclated o
the consumption of hand-peeled shrimps. Such shrimps contain
pants of the viscera (hepaso-pancreas), whick comtain much

xl . - 3
* Soecial itue incorporating the Praceedines of the Svmposium on the Bioavailabilitv and Dietary Exposure of Lead.

g
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Table | Daily dietary intake of lead and energy ana iotal
diet weight imean, 3D and range; in the Dalby stuay.

No. and No.

sex of of Lead Energy Total weignt (g}

subjects diets (ug) (MJ) Wet Dry

16 females 33 19 6.6 1658 313
88 12 268 s3
6-39 47-102 1,109-2270 230-440

12 males 32 30 85 2012 415
13.6 24 434 115
11-74 5.5-159 1,196-3364 262-77S

1 male’ 7 58 88 2114 421
21.9 1.61 120 67
38-86 6.9-119 1,988-2266 329-532

" Subject using tap water with especially high lead
concentrauon.

Table 2 Daily dietary intake of cadmium and energy and
towal diet weight (mean, SD and range) in the Dalby siudy.

No. and No.
sex of of Cadmium Energy Towal weight (g)
subjects diets (ug) MI} Wet Dry
9 maies 21 120 82 19 405
6.2 20 443 99
-6=35 5.5-11.7 1,196-3,097 262-547
15 femaics 28 10.5 6.9 1.681 330
5.8 13 251 60
429 47-102 1,109-2270 230440
©* 86 56 1,840 301

* Diet with especially high unexplainable cadmium content.
Not included in the calculation of average intake.

higher cadmium levels than the whitc mest (muscle) of the
shrimps (Jorhem, Mattsson and Slorach, 1984). The relationship
between the cadmium content of duplicate dicts and the intake
of hand-peeicd shrimps is shown in Figure 2 {from Vahter et al.,
1990). The average cnergy content of the high cadmium diets
(7.8 MJ) was about the same as that of diets comaining less than
5 ug cadmium (7.0 MJ).

The gastro-intestinal absorption of lead and cadmium in
adults is low, in the order of 5-15% on average. Thus the major
pan of these trace elements present in the diet will appear in the
facces. In addition to the duplicate dicts, comresponding facces
samples were analysed for lcad and cadmium content w0
cstimate dieary intake. There was a fairly good comelation

Table 3 Average aaily diewarv \niake of (ead. caamuum ane
energy and diet weight in the HEAL study in Stockhoim on
15 non-smoking women.

Mean sD Range
Lead content ug) 26 79 1310
Cadmium content (4g) 8.5 2.1 $7-14
Energy content (MJ) 78 1.3 5.8-9.7
Wet weight (g) 2342 341 1.563-3.03;
Dry weight (g) 393 52 0747

* Range of average daily intakes

between the amounts of lead and cadmium in faeces and @ ¢
duplicate diets (Vahter et al., 1991). The mean facral cvcrew
of lead was 24 pug day™! (range 1041 pgday™' sma st
cadmium was 8.9 mg day~' (range 5.5-12 ug tv @
dietary intakes are shown in Table 3.

In view of the large day-to-day vanations 1 ‘ne ssewn
of lead and cadmium in the diet, the sampling xrww «
duplicate diets and faeces should be at least 5~ dove “atw
etal., 1991).

Huwman milk siudy in Uppsala

Larsson er al. (1981) determined the levels of lead ami  ssmvas
in individual sampies of human muik collected n  rowama .
three or six months post partum {rom 4 1 heaithy moumen 2t
years of age. The median lead concenyrauon wa . g o
fresh weight (range 0.5-9.0 ug kg~'), and the mechan c.atmux
leve! was 0,1 ug kg™'. The median weekly intake of ieas v ®
three-month old infants was calculated 10 be abow . ug &g’
body weight, and the median weekly cadmium intake atows 0.
ug kg~! body weight

Market Basket Studies

Uppsala study on an adult male weekly diet

Slorach et al. (1983) estimated the dietary intake of lead an
cadmium by analysing seven daily diets, wogether represenua
the weekly diet of an adult Swedish maie. The diets wer
designed using food balance sheet data as regards nutricnts an
were not a recommended diet. The diets consisted of typica
ordinary Swedish dishes and were prepared ready fo
consumption using common recipes in 1980, They did m
contain wine or canned foods. Aliquots of the diets wer
analysed by GFAAS. Analytical quality assurance include
analysis of US National Instiwstc of Standards and Technolog
(NIST) siandard reicrence materials. The average lead conter
of the daily diets was 27 ug (range 1545 pug) and the averag
cadmium content was 10 ug (range 7-15 pg). The averag
energy content was | 1.7 MJ (range 11.6-12.0 MJ) and the we
weight was 1,733 g (range 1,499-1,969 g).

Chernobyl market basket study

Some parts of cenral and northemm Sweden reccived larg
amounts of radioactive fallowt afier the Chemobyl accident i
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Figure 1 Example of the day-o~day variations in the dietary
intakes of lead and cadmiwn by one woman during seven
consecudve days (from Vahter et al., 1990).

1986. In order to estimate dietary exposure (0 radionuclides,
market baskets were cotlecied in 1986 and 1987 from eight
different wowns in Sweden (Becker, Bruce and Ohlander, 1986).
The composition of the baskets was based on food baiance sheet
data. The baskets conined 60 foods and beverages covering
76% by weight of the average towal annual per capita
consumption. All foods for which the average annual
consumption exceeds 0.5 kg per person were included.
However, becanse drinking water (and beverages prepared from
it) and wines and spirits were not alfecicd by the fallout from
Chemobyl, these items were not included. The market baskets
did not contain any canned foods and the foods collected were
not cooked prior 10 analysis.

Four of the market beskets (from Maimé, Gothenberg,
Siockholm and Sundsvail) collecied in the autumn of 1987 were
snalysed for essenual and toxic mincral elements, including
lead and cadmium (Becker and Kumpuilainen, 1991). The
samples were analysed by GFAAS after digestion in
concentraled nitric acid. The accuracy of the determinations
was confirmed using biological refcrence matenals, including
a wtat dict reference maserial.

Assuming a daily intake of 2 kg of thc market baskes,
representing an average energy intake of 115 MJ, the daily
intake of lead was caiculaied 10 be 17 ug and the cadmium
imake 12 pg. The market baskes diets did not comain strong
beer, wine or spinits. which were estimated 10 contnibute about
10 g day™! per person. The iotal lead intake was thus estimated
10 be about 27 ug day~! (Becker and Kumpuisinen, 1991).

Calculation from food balunce sheet data

Becker and Kumpulainen (1991) aiso caiculaied the daily
dicwary intake of lead and cadmium from food disappearance
data (per capia supply) and data on the levels of lead and
cadmium in individual foods. These caiculations included the
contribution from canned foods, colfce, wa and alcoholic
beverages. Based on an energy content of 12 MJ day™!, the
calculated Icad intake was 30:g day~!. and the cadmium intake
was 14 uy day~!.

Compurison of Resuits from Different Studies
The studics on the dietary intake of lcad and cadmium reviewed

40 ¢+

0 ; 4= +
0 s 10 15 >
Number of shrv~oe

Figure 2 The cadmium conten: of duplicate diets . ww

HEAL study in relation (o the intake of hand-peewrd \arenge
(from Vauer et al., 1990).

above have been carmied out using different appros ses "

refer to different popuiation groups. One way of comoarmg ae
results is (o express the intakes of lead and cadmess = n
energy basis. Such a comparison is shown in Tabie 4 The
results of various studies are in fairly good sgreement.
especially those for cadmium.

Future Studies

In 1989, a nationwide Household Food Survey was camed out
in Sweden on a representative sampie compnising 3.000
households. Four-week records of the houschoid's food
purchases, including expenditure and quantities bought, were
kept. The resuits are expected 0 be available in carly 1991. The
results of the survey will be used, together with dala on the
levels of lead and cadmium in individual foods, to caiculate the
dietary intakes of these metais. In addition, the food survey daa
will be used when designing new market basket studies.

Reducing Dietary Lead Intake

Compared 10 the intakes reporied (rom several other countries,
the dicary intakes of lead and cadmium found in the Swedish
studies reviewed above arc low. The estimaied average weekly
intakes arc all well below the provisional toleruble wecekly
intakes recommended for adults by the Joint FAO/WHO Expen
Commiuce on Food Additives (50 ug kg~ body weight. and
7 ug Cd kg~ body weight; WHO, 1978, 1989). However, in
view of the unccruintics regarding the cffects of low level
exposure 10 lcad on the central nervous sysiem, 1t 18 desirable
10 minimise the exposure to this metal.

Food control agencies can help 10 reduce dictary exposure
10 lead by scting and enlorcing maximum permiucd levels for




Table 4 Mean leaa and cadmuum contents of the diets in
differen:t studies expressed on an energy basis.

Lead Cadmium
content content
Study (ug (10 MD™]
Dalby - duplicate diets, 1970-7!
Males 6869 years old 35 16
Femaies 6869 years old 29 15
Uppsala. 1980
Adult Swedish male diet 23 9
Stockholm - duplicate diet, 1988 .
Women 2746 years old KX ] 1
Market baske:t. 1987
Analysis 15, 10
Calculated PA 12

* Includes wine and canned food.

lcad in foodstuffs, and by encouraging those who produce and
handle food to eliminate sources of lead contaminadon. The
Swedish National Food Administration is currently reviewing
the maximum levels of lcad permiticd in foods sold in Sweden.
A proposal will be issued shorly 10 lower the lead levels
permitted in canned foods, wines and several other foods. In
addition, the Administration intcnds to prohibit the use of
lead-containing capsules on wine boules, and it is considering
ways and means of accelerating the phasing owt of the use of
lead-soidered cans for food. Lead-containing capsules are not
used for wines bottled in Sweden, ncither are lead-soldered cans
used for foods canned in Sweden.

- -
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Dietary Exposure to Lead and Cadmium in Yugoslavia

Maja Blanusa and Krista Kostial
Institute for Medical Research anc Occupational Heaith. University ot Zagreb. Ksaverska cesia 2. 41000 Zagreo.
Yugosiavia

Abstract

Lead exposure still represents a matter of health concern especially in Yugosiavia. To assess the exposure of normal
urban popuiation to lead and cadmium through food, a preliminary mom‘ran’ng was performed on a small group of urban
population. Lead. cadmium and some essential elements (calcium, 2inc, iron, copper and manganese) were analysed
in collected cupticate diet samples and compared to simnilar population in Sweden. We founa that dietary exposure 0
lead and caamium is similar !0 other countries aithough Yugosidv urban population is exposed o much higher
concentrations of lead in air than in cities of developed countrigs, due to high lead in gasoline. However. daily intake
of some essential elemants was significantty lower.

Also populations living around lead smaeiters in various parts of Yugoslavia are still exposed to elevated environmental
lead and cadmium leveis. To assess the exposure of the popufation living in this area. a cumuliative long-term exposure
to lead was determined by measuring lead in deciduous teeth. Concentrations of lead and cadmium in vegetapies. sci
and meais from the same region ware aiso analysed. Values obtained for lead and cadmum in food progucts grown
in exposed and control area were found to be related to raspective concentrations of these elements in soil as wes as
to the distance from the smelter. Meais prapared in this region show the samae trend, ravealing very nign nake
particularty of lead.

The influence of nutritional factors, i.e. dietary caicium on lead metabolism, was aiso studied. Blood lead concentration
was deterrmined in two groups of peasant wornen living in two regions with different dietary caicium intake. Lower diood

lead values were found in the higher dietary caicium intake region.

e

Introduction

In Yugoslavia the environmental lcad and cadmium exposure
is a maner of concern mainiy for two populauons living in either
urban or lead smelter arcas. The former because of leaded
gasoline usage (0.6 g L~') and the high lead content of air and
the lauer because of highly contaminaicd soils. When assessing
insegrated lead and cadmium environmental exposure, the daily
diet is one aspect which has 10 be considered. This aspect is
impoctant especially for higher risk population groups (such as
infants and young children). [n this group higher absorption of
lead and cadmium from the gastroiniestinal wract was (ound.
Adequate nutrition is also considered to be imporiant in
absorpdon and retention of ingesicd metals and has also been
recommended as a2 possible preventive measure for protection
in conditions of increased environmental exposure. Calcium
level as weil as the level of some other essential elemems (Zn,
Fe, Cu, eic.) have received special autention (reviewed by
Mushak on this symposium).

In this paper resuits of dietary cxposure to lead and
cadmium in two different regions. urban and lcad smelter are
given. Also some cvidence of the influence of other dictary
components on absorption of lead is presented.

Moethods

Lead and cadmium in duplicate dict samples.  meals and
vegeuables were analysed by clectrothermal and flame awomic

. bsorpuion specirophotometry (AAS), respectively. Analytical:
quahlyconuolmdadcmleddacnptmofu\emmodm

published in the final repont of the HEAL project « Vaher,
1990). All the essential elements in duplicate diet sampies were
analysed by flame AAS. Lead, iron and copper in deciduous
teeth were deiermined by electrothermal AAS and z2inc was
analysed by flame AAS as described earlier (Ivicic and Blanusa,
1988: Blanuia et al., 1990b). Soil samples were digesied with
concentrated HNOs and lead and cadmium analysed by flame
AAS. Blood lead analysis was performed by eiecurothermal
AAS method as described by Vahter (1990).

Results and Discussion

Dietary lead and cadmium in urban area

Within the pilot study Exposure Monitoring of Lead and
Cadmium, of the WHO/UNEP Human Exposure Assessment
Location (HEAL) Programme, an intemnational intercomparison
beeween four cities (Swckholm. Beijing, Jokohama and Zagreb)
on daily dietary lead and cadmium ingestion was performed. A
total aumber of 119 sampies of duplicate diet was collecied by
a selecied group of 17 non-smoking female subjects during 7
consecutive days in spring 1988 in Zagreb. Mean daily
ingestion of lead was found 0 be 15 ug and of cadmium 8.5 ug.
These values were found o be even lower as compared 10 some
other citics (Beijing and Swckholm) included in the project.
inspite of much higher breathing zone air concentrations of
these clements in Zagreb (Vaher, 1990). .

In wwo citics (Swockholm and Zagreb) addiuonally other
cssential elements, zinc, copper, iron, manganese and calcium
were also analysed in the same duplicae diet samples (Blanusa
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Figure 2 Lead and cadmium concentrasions in meals prepared in homes of local people living in lead smeiter area.

and Jorhem, 1990). While the concenirations of these elements
except iron and manganese in diet were approximaicly the same
in Zagreb and Stockholm, the daily inake quantities were
however significanuy lower in Zagreb than in Swockholm foe ait
clements with the exception of zinc.

Dietary lead and cadmium in lead smelter area *

In the north region of Yugosiavia where s lead smeliter is
situated, the soil is still heavily contaminased. Significant

amount of lead and cadmium remain in soil even 10 years &
the reduction of smelter lead air pollution. Meais, vegetab
and soil samples were collected at different locations in t
area. Collecied meals were prepared either at homes of lo
peopic or in the kindergardens and school kitchens. Vegena
and soil sampics were taken (rom the gardens of peopie liv
in the region. Concentrations of lead and cadmium found
meals prepared at homes were significantly higher than in
control region. Means and standard deviations for lead w
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Figure 3 Lead. iron, zinc and copper concentrations in deciduonu teeth of children living (n lead smelter area.

78 £+ 105.9 in exposed and 9.9 + 3.8 in control area and for
cadmium 7.3 £ 3.7 and 5.9 * 2.5 mg kg~' wet weight,
respectively. Meals prepared in the school canteens were
significandy higher only in lead (16.9 £ 4.3 ugkg™! wet
weight) but not in cadmium (5.5 + 1.7 ug kg~! wet weight)
compared to control. The elevation in lead concentrations in the
exposed area was much higher in meais prepared at homes than
in meals prepared in the schooi canteens. Concentrations of both
elements in soil were significandy higher in the contaminated
area than in the conuol area. The concentrations wege
585 £ 479 as compared 10 27 £ 8 (lead) and 4.5 * 2.4 as
compared t0 1.5 £ 0.5 ug g~' dry weight (cadmium) in soil in
the contaminated versus the control region, respectively. All
these results presented in relation o the distance from the
smelter, show a negative relationship (Figues 1 and 2).
Therefore the population living in this area is exposed on the
average to 7.6 times higher level of lead and o the same level
of cadmium in food compared 10 the control popuiation
(Blanusa e! ai., 1990a).

Within 3 WHO study of the Neurotoxic Effect of Lead in
Children, lead in deciduous weeth of children living around the
same lead smeiter was waken as an indicator of the body burden
of lead. We analysed not only lead in teeth but also some other
parameters such as quastity of ash and concenaations of iron,
zinc and copper (Blanum ¢f ai., 199Mb). Deciduous eeth of 40
children in exposed and uine children in the control area aged
6-8 years were inciuded. Prior 10 any siatistical evaluation it
was evident that when concentrations of clements were reiated
10 living distance from the smeiter (Figure 3) a negative
relationship was obtained. Expioratory principal components
amalysis was applied as a statistical approach w evaluaie the
association of cight parameters (lead concentration, lead
quantity, zinc, copper and iron conceatrations, percent ash, age
and living distance from the smeltcr) a1 a 10tal number of 49
observations. The analysis showed that three factors were
significant; the first (actor, ‘Icad factor’, associated closcly lead
and zinc concentrations in ieeth with the distance from the
smeher, sccond factor, “transmission metal factor’, connected
iron, zinc and copper and the third, ‘mineralization factor’,
associmed age and ash. This logical association of perameicrs
indicased that deciduous wceth might not be only an indicator of

the body burden of lead but also an indicator of environmental
exposure (0 some other wace ¢lements or mteracuon of .¢ad
with other elements in the body.

A negative correistion between tooth lead concenwauon
and the residence distance from the smelter as weil as berween
lead in vegeuables. soil or meails and the distance, confirm that
daily diet is a significant source contributing w lead body
burden. It is difficult 10 assess the quantitative relauonship since
other sources than food contnbute also to lead body burden,
especiaily in.children.

Although cadmium was aiso found o be elevated in sl
and vegetables, prepared meals were not significanuy different
from controls. Therefore cadmium body burden is not expected
to be elevased in people living in that panticular lead smelter
region.

Nuwritional factors

The environmental exposure o lead and its absorpuon is
supposed 0 be influenced by dietary caicium but very few
humsn data are available. This hypothesis was tested by
measuring blood lead concentrations in two groups of peasant
women living in similar conditions in two different regions in
Yugoslavia (100 women in each) with no known iead
contamination. In one region the dietary calcium, tested by
nutritional ineerviews (Matkovic ef al.. 1979), was about 940
mg day~! and in the other about half as much. i.c. about 450
mg day~'. The average biood lead concentration was found o
be significandy lower (69 + 4 ug L', mean £ SEM) in women
from the ‘high’ caicium region than from the ‘low’ cakcium
region (83 £ 4 ug L™'). This finding presents new evidence on
the effect of nutritional factors on the metabolism of toxic
metals indicating that an adequate dict might be 3 prevenuve
measure for reducing lcad absorption in humans (Kostial ef af.,
1991).

Conclusions

The conclusions to all these studics are the followiny:

~ [n the examined urban population the daily Jiwry lead
intake was not higher than in some other citics, inspite of
much higher lcad levels in air. The reason migik be the



food which comes w the market from suburban unpolluted
areas.

The populauon living around lead smelters with
contaminated surrounding resulting from the past poilution
is still exposed 10 elevaled lead levels in food. This 1s
mosuy due 10 preparauon of meals with nutrients from
local sources.

Deciduous teeth were shown 10 be a good indicator of the

body burden of lead and possibly also an indicator of
environmental exposure to other race mewls or interacuon
of lead with these elements in the body.

Dietary calcium intake was shown to influence the biood

lead levels in humans indicating the significance of
nutritional factors in estimaling monitoring results.
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Dietary Monitoring Studies on Lead and Cadmium

Exposures in Poland

K. Karlowski and M. Wojciechowska-Mazurek

Depantment of Food Research. National Institute of Hygiene, 24 Chocimska Street. 00791 Warsaw. Polana

Abstract
The dietary intake of metals. especially lead and cagmium, in some regions of Poland exceeds Provisionas Tosranie

This is mostly due lo increased snvironmental pollution.

- Weekly Intake (PTWI) allowancaes established by the Joint FAQ/'WHO Expert Committee on Food Additives LECFA).

The resuits of dietary monitonng studies (0 determine the heédvy metals comtent in daily diets and in seeced vod

products are descrived.

Introduction

Lead, cadmium and mercury are metals that are potentially the
most hazardous 10 human heaith. Excessive level of heavy
metals in the environment has been associated with the etiology
of a number diseases, and especiaily with cardiovascular,
kidney, nervous system and bone diseases: abnormal
development of children: mutagenic and teratogenic changes:
as well as neoplasiic diseases (Nikonorow and
Urbanek-Karlowska, 1987).

The main source of toxic metals intake for the general
population can be food. Food contamination comes mainly from
the emission of polluting substances within areas that have a
high density of industrial centres, particularly smelters and heat
and power generating planis. The combustion gases from
gasoline engines are also a large ource of lead emission in
Poland. Near highways with heavy traffic, a significant
cadmitm pollution also occurs because of the cadmium coatent
of car ures. Also, imponant sources of poilution are the rivers,
canals and other surface waters. For example, the lead
concentration in the Viswla River is as high as 0.25 mg dm™3,
while the allowed limit is only 0.1-mg dm™>,

Another impoctant factor contributing 0 high metals
content of foods is soil conmamination resulting from the wide
use of fertilizers that are ofien conuminaied with wxic mewals,
since Polish law does not limit the metal content in fertilizers.
Industrial wasie and sewage sludge arc also used as fentilizers.
Results from studies on industrial wasie have shown thai lead
and cadmium conent in waste from mines and smelter plants
used as fertilizer exceeded 30 g Pb kg™! and 450 mg Cd kg!
(Uminska, 1988). Industrial waste pianis and garbage yards are
another farge source of soil contamination. In Poland, like in
many counwics, the allowed levels of heuvy metals in soil have
not yet been cstablished.

Environmentai pollution of air. water and especially of sail
has a considerable impact on the levels of metals in food. This

—-. occurs directly in agriculture crops but also indireculy in meat

w

Py

products.

Limits for Toxic Metals in Foodstulls is Petuns

Poland’s major law limiting heavy metis » wes « as
Regulation issued by the Ministry of Health and Saxas @ etiuse
(Moniwr Polski No. 45, 1990). The Regulanos @uufes as

limits for the following metais: lead, cadmium, wwen =pper,____

zinc, tin and ion. The maximum permiued fevew ¢« Gree
metals in foodstuffs in Poland are presented in Tatwr ™S au
does not contain vegetables, fruits and grains, bec.sme sevemang
levels of metals for these products are cwsremuy wewmg
established. Therefore, these products are caegeruss &
‘others’ based on their dry mass content. Vegembies g s
. for example, are pan of the class of products commeng s
than 20% dry mass (Table 1).

The toxic metais in food may also come tum iood
additives. Therefore, Polish law also limits the swom of
particular toxic metals in food additives (Table J) Pevemmed
levels depend on the content of food additives m & fomsamft
(g kg~"). Limits have been established for the followwng @eais:
lead, arsenic, mercury, cadmium, copper, zinc and chromeam
(chromium is limited only in anificial colours).

Dietary Monitoring Studies in Poland

The moaitoring studies of food contamination in Poland began
in 1968, before the Global Eaviroament Monitoring Sysmem
(GEMS) project began. Monitoring is supervised by the
National Instiuze of Hygiene, Deparument of Food Research in
collaboration with Regional Sanitary Epidemiological Stations.
These studies include determinations in various foods of metals
such as lead. cadmium, mercury, arsenic. copper, zinc. un,
sclenium and chromium. Results from studies on kecad and pardy
on cadmium are presented. Cadmium is also an imporant
health-risk factor for the general population of Poland. Both
studies on the metal conicnt in daily food diets and also in
particuiar lood products have beea conducied. For example,
since 1986 a wide spectrum of studies on levels of heavy metis
in agriculre crops have been performed.

+ Sp«:'ial issue 'incarporating the Proceedings of the Svmposium on the Bioavailability and Dietary Exposure of Lead.

|
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Tabile I Maxumum ieveis of metals permuiiea .n rooas n Poland 1mg <g”'

secorawng o Monmuor Poioa No 4T

Product Pb cd® As Cu Zn Sn° Fe
Dieteuc products, baby foods and infant formuias

Powdered milk 0.1 0.01 0.2 5.0 40.0 15.0 -
Powdered milk formulas 0.1 0.01 0.2 5.0 40.0 15.0 -
Flours and grits

used for formuias 0.15 0.01 0.2 6.0 30.0 20.0 -
Canned meat and meat- .

vegetable products 02 0.01 0.2 40 30.0 0”20 -
Others’:

Coataining below

20% dry mass 0.1 0.01 0.1 20 50 15.0 -
Coansining 20-50% _

dry mass 0.1 0.0t 0.1 50 20.0 15.0 -
Containing above

50% dry mass 0.1 0.01 0.2 10.0 30.0 20.0 -
Other food products

Milk* 0.18 0.01 0.1 0.5 5.0 20.0 -
Condensed milk 0.2 0.03 0.2 5.0 200 100720 -
Powdered milk 0.3 0.10 0.2 5.0 40.0 20.0 -
Cotiage cheese 0.s 0.05 0.2 3.0 20.0 - -
Canned meat and meat

and vegetable products 1.0 0.05* 0.5 80 50.0 100/20 -
Canned pouluy

products 05 008 02 50 200 10020 -
Fish products 1.0 00s' 40 100 500 100/50 -
Vegetabie oils

and fas 0.1 0.05 0.1 0.1 - - 1.5
Animai fats 0.1 0.02 0.1 04 - - 1.5
Sugar 0s 0.02 02 30 - - -
Fruits 0.s 0.05 05 10.0 20.0 20.0 -
Compores* 04 0.03 0.2 35 50 100/20 -
Juices® 03 0.03 02 35 5.0 100020 -
Canned vegetables 0.6 0.03 02 50 15.0 10020 -
Tomato concentrate 20 0.05 0.2 15.0 300 15/50 -
Flours and grits 03 0.10 0.2 6.0 400 - -
Bakery products

and macaroni 0.4 0.10 0.2 50 400 - -
Soft drinks® 03 0.03 0.1 1.0 5.0 - 058

5o

Others’:

Containing below

20% dry mass 03 0.03 0.2 40 10.0 15020 -
Comtaining 20-50%

dry mass 05 0.05 0.2 100 200 10020 -
Containing above

50% dry mass 10 0.10 0.s 200 $0.0 10020 -

* mg dm™>.

® Limits t'oer for Other food products are regulaied swrting in December 1992

€ Metal/other packages.

¢ Valid unless specified for particular products.
'Nuros'prodmucmmmnghvermdkmleys.

! Not_for products conwining liver.

§ Non-sweetcned.
* Sweetened.
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Table 2 Maximum levels of metals permuited in food
additives in Poland im3 l:g'l) according 10 Monuor Polski

No.45. 1990.

Addiuve level 1n food
Metal <igkg™)  (lgkg™)
Pb
Cd
As
Hg
Cu
Zn
cr

.1

l

0
1

0.01
30
50
2

nEEowow

* Only for artificial colours.

These resuits were reported t0 the WHO - Food Safery
Unit, Division of Environmental Health as the Polish
in the GEMS/Food project and are included in the
GEMS reports (GEMS, 1988). As an example, Figure 1 shows
the weekly dietary inmtake of lead for adults in 17 countries,
including Poland (Joint FAO/WHO Food Standards
Programme, 1990). The adult dietary lead intake in Poland
appears slightly above the average imake for the counwies
included in the program. Another exampie (Figure 2) describes
the weekly dietary intake of lead for infants and chiildren.
Studies done in Poland are for children 1-3 years old. Lead
intake was found W be similar t) those reported by other
countries (GEMS, Assessmene 1988).

Figare 3 shows the 49 administrative districts of Poland.
Regions with high environmental pollution resulting from very
dense distributions of factories, smeiters and coal mines are
localised in the south-west part of Poland. In this ares
contributions to environmental poilution aiso come tfrom

_ neighbour countries, especially through air and water. The

districts in Poland where studies were performed on whole diet
metal intake and mel content in agriculture crops are marked
in Figure 3. Moreover, in all districts, the laborawries in the
Sanitary-Epidemiological Stations desermine the metai content
in food products according (o Polish standards, as a part of thew

‘The analytical methods used for determination of metals
were developed or adopied by the National Instiue of Hygiene
and are based on atomic absorption spectroscopy (AAS). Lead
and cadmium were desermined using flame AAS methods afier
dry ashing (at 400°C) and extraction of metal complexes with
ammonium- | -pyrrolidinedithiocarbamate (APDC) w butyl
acewate. For copper and zinc, we also used the AAS flame
method. Samples were analysed alier dry mineraliaztion
directly from the solution of residue. A flameless AAS method
was used for mercury determination after wet muneralisztion
using a cold vapour technique. These methods were checked
against [ntemational Standard Reference Maicrials obtained
from the National Institute of Standards and Technology

“(NIST), USA, and in collaborative studies in Poland.
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Figure | Avarage intake of lead for adults. 1980-88 (from
Joint FAQOIWHO Food Siandards Programme, 1990).
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Figure 2 Median/mean dietary intake of lead for infants and
children (from GEMS Assessmeni, 1988).

Lead s0d Cadmium Intake with Daily Diets

The lead, cadmium and mercury intakes from daily diets for
selected groups of the Polish population, namely for children
1-3 years old and teenagers 14-18 years old, were swudied
(Zawadzks et al., 1986, 1987; Ludwicki, 1987). The method of
duplicate poruons was applied. Studies included 14 districts,
representing approximately one quarnter of Poland. Samples of
daily diets were collected from kitchens of high school
dormitories and also from child care and nursery facilitics. Food
was sampied for the following 10 days in one month of each
quarter of the year, for two years. A total of about 1,700 whole
diet samples were examined. Results of studies of weekly metal
intakes for particular districts are presented in Figures 4-7 in
the form of diagrams, presenting arithmetic means, medians and
90th percentile intake.

The average lead intake by Polish eenagers was far below
the adult Provisional Tolenble Weekly [nuake (PTWI)
established as 0.05 mg kg~ body weight by JECFA (WHO,
Technicat Repont Series, 19T2). Howevermlswmfoundto
be sienificantlv ~iluted <ith laad in ams «ome

I M| e
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Figure 3 Administradive diswricts of Poland, Studies performed on: daily diets (\); vegiables (/); daily diets and vegetables
For numbering, see Figures 4 and 7.

and S show lasge differences in lcad intake as a function of
location. The highest weekly intake values, which significantly
exceeded the PTW1, were determined in the Walbezych district
(No.13 in Figure 4). In this district the mean lead intake by
teenagers obtained in one year aimost doubled the PTWI
(Figure 4). This is a heavily polluted district. A worse situation
occurred in the population of children (cspecially one year olds)
which is illusrased in Figure 5. The mcan lead inake was
higher than JECFA PTWI (or children in the majority of districts
studied and the 90th percentile intake in all districts studied. The
two PTWI values (Figure 5) were derived from'a recalculation
of the JECFA PTWI for children - 0.025 mg kg~ body wcight
(WHO, Technical Report Series, 1987) based on body. weight
for 1 and 3 years old children, .

Studies also included determination of the we
mercury and cadmium intake. For mercury, weekly intakes -
less than 45% of PTWI, but reistive inake of cadmiw
Poland is even highes than lead (Figures 6-and 7). For cadm
JECFA has not esublished separate PTWI for children
levels (shown in Figure 6) were derived from aduits PT
0.007 mg kg~ body weight (WHO, Technical Repont Sc
1989), adjusting for body weight Of panicular concern ¢
situation for children (Figure 6). The cadmium intakc w
this especially scnsitive population is frequenuly higher thar
of adults. [n many rcgions, the average intake is also higher
the calculated value of PTWI. Cadmivm inwke by teen:
(Figure 7) is also high, but aot as dramatic as for childres
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Lead and Cadmium Content in Vegetables

From 1986 unil 1990, sysiematic monitoring stdies were
performed on the content of Icad, cadmium, mercury, zinc and

- copper in selected, widely used Polish agricuiture crops:

ant

vegetsbles (cultivated in fields and greenhouses), fruits and
grains. Samples were collecicd in 18 districts at the farms in
areas not directly exposed 10 metal pollution by industrial and
mobile sources. Samples of ripe vegetables were taken using a
random sampling technique with evenly spaced sampling sites
consisting of greenhouses at 5-10 sites and open (icids at 15-20
sites.

These studies had 2 goal of estimating a3 national

-.. background level of metals that could be used for evaluating the

contamination of crops onginated from indusuial arcas. The
resuits are also used to determine permitted levels of

- contamination for Polish and imemational regulations.

mm-yumdymmuamcompkwdm 1988

" (Zawadzka et al.. 1989, 1990). In one year, studies of vegetabies

were conducted with simultaneous monitoring of soil sampies.
Approximasely 2,500 vegetable sampies and 620 soil samples
were examined. Currently, studies of fruits and grains are being
conducted in Poland. So far about 400 samples of fruits and 350
sampies of grains have been examined. The lead and cadmium
contents in vegetabies are shown in Tables 3 and 4.

The metal coment was relatively low in the majority of the
tested samples. However, in some samples higher than
permiced levels of lcad and cadmium were detected. Lead and
cadmium content was high in carrots, garden beets , lctuce and
parsicy. The highest lead level was found in ground parsicy
leaves where about 20% of the samples exceeded (1.3 mg kg~'.
The S0th percentile lead contamination was aiso higher than 0.3
mg kg™l in the case of casrots, parsiey root, parsiey icaves irom
the greenhouses, lettuce, ground cucumber and radishes in

N
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cerain years. The lowest lead content was measured for
potatoes and tomawes.
The highest consent of cadniuim was found in carrots for

which over 30% of the sampies excoeded 0.03 mg kg™ A

slightly lower cadmium level was found in garden beets, ground
mmumufmumum(-
25% exceeded 0.03 mg kg™'). About 20% of the powmoes,
which is s significant product in the daily diet in Poland, had
cadmium content higher than 0.03 mg kg~!. Greenhouse
cucumbers had the lowest content of this metal.

The levels of these metals in fruits arc much lower than in
vegeubles. High levels of cadmium were found in about 10%
of the fruits siudied mostly in the berry fruits: raspberries and
strawberrics. We believe the metal coment 10 be relatively high
for grains even though investigations are not completed. About
15% of the samples have had lcad and cadmium content above
0.3 and 0.1 mg kg™!, respectively. The mast poliutcd grains with
ladmbmhalmdryem\nmhcmlmabmkwm
wheumdo-s.

Since the samples were collected in areas remote |
pollution sources the high lead and cadmium content in cer
samples could be a resuit of the applicanon of fertili
containing excessive amoums of lead and cadmium. Phosp
fertilizers were used in the majority of the places where !
cadmivm coment in vegetables and in s0il was reponed. L
amousts of lead and cadmium are still contained in use
Poland as fertilizers for agricuiture industrial waste and sew
sludge.

In some south-west industrial regions of Poland the
and agricultural crops are so polluted that it is impossibi
cullivatc healthy vegctabics and grains, especially (or baby 1
production.

Samitary Supervision Program in Poland

Since 1976, over 30,000 sampics of food products from ati
regions of Poland have been wcsted for metals as a par
Poland’s Food Sanitary Supervision Program. The hig
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Tabie 3 Lead content in vegetabies img kg")‘

Vegeuabie Year No. of Median  Mean X% Min Max
samples
Potatoes 1986 70 0.068 0.092 0240  <0.010 0.427
1987 %0 0.032 0.072 0220 <0.010 0.565
1988 90 0.040 0.068 0.120 <0.010 0.540
Cabbage 1986 48 0.008 0.111 0250 <0.010 1.170
1987 T2 0.050 0.089 0260 <0010 0.516
1988 66 0.023 0.126 0320 <0.010 1.490
Carrots 1986 64 0.100 0.162 0443 <0010 0.780
1987 125 0.062 0.102 0280 <0.010 0.650
1988 113 0.036 0.080 0.170 <0010 0.760
Garden beets 1986 43 0.100 0.136 0.290 <0.010 1.192
1987 83 0.071 0.094 0220 <0.010 0.720
1988 83 0.030 0.072 0.168 <0010 0.400
Parsiey root 1986 13 0.090 0.152 0310 <0.010 0.460
1987 65 0.087 0.148 0328 <0.010 0.800
1988 56 0.050 0.108 0242 <0.010 1.085
Parsiey leaves 1986 4 0.190 0.290 0718 ~ 0.020 2377
(field) 1987 4 0.130 0.380 0450 <0.010 4.600
1988 47 - 0.090 0.230 0.800 <0.010 1.462
Parsiey leaves 1986 10 - 0238 - 0.080 0.370
(greenhouse) 1987 3 0.200 0.218 0430 <0010 1.000
1984 24 0.088 0.159 0462  <0.010 0.790
Lettuce 1986 4 0.150 0.300 0387 <0010 2.360
(field) 1987 33 0.047 0.079 0230 <0010 0270
1988 29 0.050 0.129 0300 <0010 0.620
Letnuce 1986 42 0.080 0.185 0325 <0010 2390
(greenhouse) 1987 99 0.066 0.132 0300 <0010 0.900
1988 n 0.064 0.265 0300 <0.010 1.880
Radish 1986 9 - 0.088 - <0.010 0.220
(field) 1987 n 0.066 0.118 0350 <0010 1.620
1988 19 0.020 0.065 0260 <0010 0.300
Radish 1986 3 - 0211 - <0010 0473
(greenhouse) 1987 el 0.042 0.089 0173 <0010 0.800
1988 17 0.030 0.063 0.102 <0010 0.397
Tomasoes 1986 30 0.091 0.109 0230 <0010 0.420
(field) 1987 9 0.027 0.057 0.190 <0010 0.280
1988 70 0.022 0.065 0.177 <0010 0.865
Tomasoes 1986 54 0.040 0.083 0210 <0010 0.540
(greenhouse) 1987 100 0.030 0.077 0.13¢ <0010 0.960
1988 109 0.017 0.067 0270  <0.010 0.800
Cucumbers 1986 3 0.030 0.081 0.300 <0010 0.300
(ficid) 1987 42 0.037 0.070 020 <0010 0.620
1988 55 0.060 0.128 0320 <0.010 0.460
Cucumbers 1986 s 0.050 0.098 0.190 <0010 1.580
(greenhouse) 1987 96 0.025 0.05$ 0.120 <0.010 0.385
1988 104 0.032 0.088 0200 <0010 1.580

I
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Table 4 Cadrmuum content 1n vegetadles (mg icg").

Vegetabie Year No. of Median  Mean 0% Min Max
samples

Potawes 1986 70 0.006 0.010 0.020  <0.001 0.067
1987 9% 0.014 0.013 0050  <0.00! 0.080

1988 90 0.010 0.018 0.060  <0.001 0.090

Cabbage 1986 48 0.004 0.007 0.019 <0.001 0.075
1987 69 0.006 0.023 0.040  <0.001 0.659

1988 66 0.003 0.009 0.040 <0.001 0.101

Camrots 1986 64 0.010 0.032 0.101 <0.001 0.323
1987 128 0.031 0.045 0.145 <0.001 0.210

1988 113 0.019 0.052 0.150 <0001 0.480

Gardern beets 1986 42 0.010 0.025 0.090  <0.00t 0.136
1987 81 0.019 0.037 0.150 <000t 0.240

1988 83 o.on 0.045 0.160  <0.001 0.790

Parsley root 1986 33 0.012 0.026 - 0.093 <0.001 0.138
1987 63 0.011 0.036 0.140  <0.001 0.180

1988 56 0.013 0.032 . . 0.087 <0.001 0.180

Parsiey leaves 1985 K2 0.013 0.015 0.030  <0.001 0.064
(field) 1987 53 0.018 0.049 0300  <0.001 0.480
1988 47 o.ott 0.046 0.110  <0.001 0.180

Parsley leaves 1985 10 - 0.013 - 0.001 0.023
(greenhouse) 1987 k) 0.015 0.018 0.050  <0.001 0.084
198% pX| 0.012 0.012 0.021 <0.001 0.04

Lettuce 1985 14 0.016 0.024 0.047  <0.001 0.150
(field) 1987 33 0.021 0031 0109  <0.001 0.147
1983 2 0.020 0.025 0076  <0.001 0.100

Lettuce T 1988 42 0.021 0.030 0040 <0.001 0.370
(greenhouse) 1987 99 0.016 0.073 0.080  <0.001 0.590
. 1983 76 0.019 0.026 0070  <0.001 0.350
Radish 1986 9 - 0.010 - 0.003 0.028
(field) 1987 3 0.010 0011. 0040 <0.001 0.050
- 1988 19 0.002 0.027 0030 <0.001 0.038
Radish 1986 3 - 0.010 - 0.003 0.020
{greenhouse) 1987 yy) 0.010 0.018 0.051 <0.001 0.075
' 1988 17 0.008 0.011 0035  <0.00t 0.037
‘Tomasoes 1984 30 <0.001 0.007 0020 <0.00t 0.080
(feid) 1987 52 0.006 0.006 0.009  <0.001 0.060
1983 7 - 0005 0.017 0035 <0.001 0410

Tomaoes 1986 56 <0.001 0008 0020 <0001 0.040
(greenhouse) 1987 100 0.007 0.021 0.045  <0.001 0.350
1988 108 0.006 0.011 0.030 <0.001 0.07%

Cucumbers 1986 3 <0.001 0004 .. 0010 <0.00 0.047
(field) > 1987 42 0.004 0.010 0026  <0.00t 0.050
1988 b} 0.003 0.017 0050  <0.001 0.100

Cucumbers 1986 59 0.005 0.006 0015  <0.001 0.025
(greenhousc) 1987 96 0.006 0.010 0024  <0.001 0.069

1988 103 0005 0010 0027 <0001  0.09
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values were detected in canned foods and in fruit and vegeuabie

ucts. For exampie. during the last two years 6% of the
samples of canned vegewbie products have had lead content
exceeding 0.6 mg kg™'. [n 1986, 10% of the jam samples were
higher than 0.5 mg kg ™" and in 1988 about 15% of juice samples
had lead content exceeding permiued levels. The majority of
the resuits of these studies were published eisewhere
(Nikonorow ef al.. 1978: Zawadzka et al.. 1985, 1988) and the
latest results are being prepared for publication.

Conciusions

Considering the average intake of lead and other metals in
Poland. and also the average content of these metwls in
particular food products, we believe that the average intake of
metals with food falls within wlerable doses. However, in
industrial regions with extensive eavironmental pollution
levels, the PTWI for children and adults and permuted levels in
panicular foodstuffs are frequently exceeded. This is especially
important in the case of children (1-3 years old) and requires
special attention and an immediate sotution. We shouid also be
aware that food is only one of the potenual sources of
contaminants intake, especiaily in areas of high environmental

The resuits presented here are mosudy from studies
coordinated and supervised by the National Institute of
Hygiene. Similar studies have been done by other laboratories
and research institutes in Poland. but the scope of these studies
was usuaily limited 10 individual distncts (Amarowicz er al.,
198S; Bulinski er al.. 1986, 198%; Chorazy et al.. 1987;
Kucharski et al.. 1989: Nabrzyski and Gajewska. 1982, 1984
Olejnik er al., 1983: Smoczynski er ai., 1984; Szymczak er ai.,
1984; Zalewski et al., 1989).
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Reductions in Dietary Lead Exposure in the

United States

15. Michael Bolger, Clark D. Carrington, Stephen G. Capar and Michael A. Adams

Division of Toxicological Review and Evaluation, Division of Contaminants Chermstry and Division of Food
Chemistry and Technology, United States Food and Drug Admirustration, 200 C Street SW, Washington,

DC 20204, USA

Introduction

The United Staies Food and Drug Administration has made a
concerted -effort over the last two decades to reduce the
exposure of the populadon 0 lead in foods (FDA, 1979). The
agency has reduced lead exposure via the food supply by
identifying and conuolling sources of lead in foods.

The agency's primary efforts have been directed toward
foods consumed by infanis and children. This focus of the
agency is due (o the particular sensitivity of infants and children

- o the woxicity of lead. While many of the same sequelas of

effects occur in both children and adults, those in children occur
a1 lower levels of exposure. Infas and children are more
susceptible, because (1) they consume more food per body
mass, (2) they absorb lead mmore readily from the
gastrointestinal tract than aduits and (3) their major organs, such
as the brain, kidneys and liver, are immature. The fetus also
demonstrates an increased sensitivity o the effects of lead for
the same reasons, and in addition, lead easily crosses the
placenta. For this reason, the agency has devoted an spprecisble
portion of its recent efforts to minimize the dietary lead burden

~ of women of child-bearing age.

Recent evidence indicates that lead wxicity in the young
occurs at blood levels that were once thought not o be
associated with the adverse effects of lead. Indeed, it is now
clear that a threshold for lead has yet t0 be identified and will
undoubtedly be established at a bloed or body busden level
which is below blood levels currently being reponed in this
country. Based on these recent developments and the
deliberations of national and intemational health organizaions,

the Food Drug Adminiswation (FDA) has continued in its efforts .

0 reduce the dietary lead exposure of the population in the
United States.

Lead is an ubiquitous, pervasive eaviroamentail

" contaminant. Figure 1 was adapied from the 1986

R
*.l

Eavironmenial Protection Agency (EPA) air quality lead
document by the Agency for Toxic Substances and Discase
Registry (ATSDR) in its 1988 rcport on lead poisoning 0
Congress. it illustrawcs the variety of sources and pathways from
which and by which lead enters the food supply. Food serves as
8 pathway of exposure to lead from many sources, including air,
dust and water. Another major source of lead in food is from
food processing, and unul recently, the primary_contributor
from processing was {rom the use of Icad solder ia food cans.
The biood lead concentration which scrves as a primary index
of exposure and toxicity reflects composiic lead exposure from

air, dust, soil, water and food. Ingestion of lead in foods can oe
one of the primary routes of lead absorption. In its | 98 repare,
the ATSDR estimated that approximately one millwe . fextren
in this country were at risk from lead in food.

Infant Foods

As stated previously, because of the particular wwemives o
infants and small children to lead. the eariy efforts o sr sgam »
in the 1970s 10 reduce dietary lead exposure focuses = as o
of lead soldered metai conuiners for infant tomg sresss
(Jelinek, 1982). As shown in Table 1, the levels of was « asm
various infant food products have been substannestv vemes

Indeed. the levels have been reduced by apypews emeseiy

80-950%. so that the level is now down 0 an average ¢ owen
0.01 ug g~* or 10 ppb. These reductions were remuers & wed
a cooperative effort with the infant food manufaceren o «m
achieved in large pant by the decision of industry w e s vwm
cans 10 glass.1o package infant foods. Other means excoutes e
shift of infant formula production © welded three-pume ane or
drawn two-piece sicel cans and the careful scicume o we
materials and exclusion of contamination during enliang ead
processing.

In its 1986 document, Air Qualicy Criteria for Lend. &
EPA estimated that for 2 2-year oid child, approzsmessty ¢°%
of the baseline lead exposure came from food. exchudmg the
contribution from water. The remainder of the eag eapomwre
was from air, dust, water and soil. This is depiciod & & pee
chart on the left in Figure 2. The EPA estimated that e duk
of lead in food originated from direct air deposition (43%) and
the use of lead-soldered food cans (42%). The data caed m the
1986 EPA report gave a fairly: accurate portrayal of lead
exposure for children in the early part of the 1980s. Thes

" particularly the case for dictary lead, because the analyss retied

on data thas were obtained by the FDA as part of its Total Diet
Study (TDS) from the early 1980s. Since that time there has
been a considersbie decresse in the overail dietary exposure 0
lead. As shown in the right hand pie chart in this figure. the
current baseline dietary exposure for a 2-year oid child is
estimated by the Food and Drug Administration 10 comprise
approximately 16% of the wotal exposure. This analysis is based
on the use of the last compiete market basket from the TDS and

a recent review of the national ambient air quality standards for
Icad by the EPA (EPA, 1989).

Finguapnchmwhthdepnndwmmmmauon
bylheFoodandDmgmdmehseluw
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Figure | Pathways of lead from the environment 1o man, and body disposition of lead (EPA. 1986).

exposure of women of child bearing age. According 10 this
esumation, dietary lead comprises approximnately 43% of the
total baseline lead exposure. In its 1986 air lead document the
EPA estimated that dietary lead, excluding the contribution from
waser, comprised about 77% of the total baseline lead exposure
for this age group. Therefore, as was shown previously for
children, there has been an appreciable decrease in dietary lead
exposure for women of child-bearing age in this country. These
reductions in dietary lesd have becn measured in the FDA's
Totwal Diet Study and is undoubtedly due in pant 10 the
concomita decrease in the use of lcad solder in food cans.

Table 1 Lead levels in infant foods (ug Pb g™').

Product Early Late
1970s 1980s
Infant formula 0.10 0.010
[nfant juices 0.30 Q011
Infant foods 0.15 0.013
Evaporated milk 0.52 0.019

Total Diet Study

The Total Diet Study (TDS), which includes a routs
for lead in market basket sampies, is the agency’s anm
baskes survey (Penningwa and Gunderson, 1987). I
the agency with baseline information on the leveis of
of pesticide residues, nutrient elemenis and eavu
contaminanes, like lead, in the diet. The sudy is
useful in identifying rends in the leveis of a contar
lead in the food supply and assists in signaling poten
heaith problems. The survey involves the purchase, p
and analysis of typically consumed foods. The TDS !
United States national dietary survey which ass
exposure (o dietary lead of a number of age groups,
infants, children and women of child-bearing age.
Figure 4 depicts the annual resuits from the TDS
lead exposure for adolescent males. The data on di
exposure for adolescent males is imporant not ba
segment of the population is of pasticular concem, b
this population group has the longest continuous rcp
dietary icad in the TDS. It is most uscful for demons:
reductions in dictary lcad that have occurred ove
decade. Until 1980 there was no demonstrable change
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Figure 2 Lead exposure for 2-year old children.

lead exposure for this group. From 1980 until the present there
has been a sizable decrease in dietary lead exposure in this
grocp, on the order of approximately 88%, down from 84
ug day™! in 1980 10 10 pg day™! in 1988.

Similar reductions in dietary lead are noted in Figures §
and 6 which deal with infants, young children or woddlers and
women of three different age groups. Infants are defined in the
TDS as being from 6 0 11 monuts of age, while wddlers are
defined as 2 years of age. As with the adolescent maies, dietary
lead did not start to decrease until about 1980 for these age
groups. Indeed, it would appear that dictary lead actuslly
increased during the laner part of the 1970s. The percentage
reductions for each group was about as great as that for
adolescent males, and in absoluie terms was reduced from
between 34 10 44 ug day™! in 1980 © S ug day™! by 1988.

Figure 6 presents data from the TDS that demonsirases the
dietary reductions that have occurred in the three (emale age
groups. These three groups are defined as 14 to 16-year old, 25
to 30-year old and 60 10 65-year old. In 1984 the dietary iead
content varied from approximasely 27 o 30 ug day~!, and by
1988 the levels were 7 10 9 ug day™!, and were on the order of
about 25% of 1984 leveis. While these reductions are not of the
same magnitude as those seen with Lhe previous age groups they
are consistent in that the reduction was sizeable. [t must be
nowed that no vaiues are presented for years before 1984 for
women, because before 1982, the TDS did not include these
groups. When the TDS was revised in 1982, these thres age
groups for women were included. If these groups had been

- incheded in the old TDS, the reductions in their dietary lead
levels would undoubtedly have been of the same magnitude as
- seen with the other age groups. on the order of 80%.

- The latest (1989-1990), pretiminary information from the
FDA TDS indicates that the reductions in dietary lead have
cither leveled off or have continued. although at a lower rate,
¥ and now range from S 10 11 ug day™!. These data indicae that
e the greawest reductions in dietary lead have occurred during the

-itty. -

3

Food (47%)

Soil (1%)

Water (72%)
—_—

FDA (1990)

last decade. undoubtedly o the reduced use of lead soider n

food cans and leaded gasoline. Further reductions wiil be
smaller and much more difficult 10 achieve. The dam also ~
indicate that we have reached the limits of quantitauon n the
TDS.

The analytical methodology (graphite furnace-atomic
absorption spectrometry) currenudy used in the TDS has a
quantitation limit of 20 ppb. Approximately 85% of the sampies
in the snudy today do not have quantifiable leveis of lead. If the
concentration of lead in a sample is below the quanttation limit,
but still above zero, this estimated level is used in the
calculation of the dietary lead intake. Those samples in which
no lead is detected are reported as zero which in wm is used in

Food (43%)

FDA (1990)

Figure 3 Souwrces of lead mrehm c{uld—bemng
age. o ’ :
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Figure 6 Lead insake for femaies from FDA Total Diet Study.

the calculation of dietary lead intake. To quantify these lower
levels of lead and-10 measure further reductions in diclary lead
a lower lcvel of quantitation is required (Capar, 1991).

The lack of reductions in dietary icad in the 1970s for any

of these age groups is in contrast to the considerable reductions
in the usc of leaded gasoline and blood lcad levels that were
realized during this same period of time (Amnest, 1983). This
suggests that a facioe other than air lcad resulting from the use
of leaded gasoline was primarily responsible for the reducuons
in dietary lead nowed in the TDS. That {acwor was undoubtedly
the reduction in the use of lead solder in food cans. -

Lead Solder

The major food processing source of lead, as weil as one
major sources of lead in food. anses from the use of iead;
in food cans. Estimates by the FDA and otners 3
contribution of lead soilder from food cans 0 the dlc::u-*
burden have ranged trom 14 to 45% (FDA. 1979: EPA. 5
These data clearly indicate that there is appreciabie mig
of lead from the soider w0 the food. The effort to elim
use of lead solder in what we will call aduit canned foog
initiated by the domestc canning industry in 1979. as o
seen Figure 7. All of e data displayed in this figure ag
next figure was supplied by the Can Manufacturers Insutag
that time, approximately 90% of domestically produced
used lead solder. Presenuy. approximately 3.83% of deag
food cans are made with lead solder and this wiil conang
rapidly decrease over the next year. The use of lead oig
soft drink cans was-fairly low in 1979, on the order of 10%
by 1982 bad been enurely disconunued.

Figure 8 depicts the same daca in the previous u::!
presents it in numbers of cans. The major point ot s 'y
that while the percentage of food cans using lead wwier 1 g
low, there were still about a billion domesucally prran eg'9
cans that used lead solder in 1989. This figure siw wmmy
domestically produced lead soldered cans have bere gram
replaced by drawn/redrawn two-piece and w e -q
three-piece cans.

In terms of imponed cans, unfortunaicly e o -q

" no information available on the number of cans s vwd v

United States and the prevalence of the use of el «mirv )
FDA is investigating the issue in an auempt 10 quasets $as
of lead solder in imponied food cans.

Survey of Aduit Canned Foods Eaten by Small Childn

As infants gradually switch from infant food products. ey
1o consume adult-type foods which include foods conasmses
cans. The agency recently conducied a survey of lead m cas
foods eaten by young children as pan of its ongomg etfory
identify the sources of dietary lead in this sensiuve segmen
the population (Caper, 1900). Ten foods commonly emes
fairly large amounts by children were included 1n the sure
As can be seen in Figure 9, there are appreciable differences
the lead content between those foods packaged in cans withz
without lead solder. The difference is approximaely five fo
0.21 pg Pb g~ of food in lead soldered cans versus 0.04
in non-soldered cans.

Lead Glazed Ceramics

mwhumndywwmn;mw regulak
standards for lead in ceramic pitchers (FDA, 1989). 1
proposal also includes initiatives for other types of ceras
foodware. These proposals have been made, based on evider
of Jead migration from lcad glazes to food storage, panicula
under acidic conditions. indecd. this migration of lcad from
glaze can be substantial, and cases of lead intoxication h:
been reporied in the liwcrature. According t0 a recent csum
by the agency, the upper bound Icad exposures at a 0.1 mg i
level of lcad migration imo acidic beverages stored in cer
plchusnlsunngpumday“ for mnfants :
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toddlers, respectively. These represent coasiderable
contributions 10 the dietary lead burden when one considers
that, as was noted previously, the current dietary expasure from
the TDS is on the order of 5 ug day™' for these age groups. The
proposal 10 establish a new standard for ceramic pitchers was
. made, because i was considercd likcly that acidic fruit-based
gl beverages, which arc consumed frequently and in large amounts
‘rame @& by children, would be stored in ceramic pitchers. Furthermore,
s “ ‘ Iulemmbusofwmncpw\mmmludﬂmmm:n

this country and could be used in this manner. and therefore,
the number of children at risk is powentially quite large.
Because of the dynamic nause of the lead problem (e.g.,
lower adverse effect levels in human populations and reductions
in specific sources), the agency is currently reassessing the
extent of the lead problem in foods. This analysis involves 2
determination of the contribution of dietary icad 10 the ol
body burden of lead and the development of a program for lead
mrmuw'ummmrm

|



of specific sources of lead in the diet These sources wouid
include lead capsules used on wine poules. dietary suppiements
such as calcium suppiements. bottded water and food additives.
Along with the idenufication of dietary lead sources. there is an
absolute need 10 1mprove the analyucal methods for monitoring
lead in foods.

Conciusions

In conciusion, the following are the major points that can be

made in regard to dietary lead exposure in the United States.

-~ Major reductions in the lead content in infant foods were
achieved in the 1970s by switching 1o glass packaging.

-~ In the 1980s, the FDA Towl Diet Study documented
reductions in dietary lead of approximatety 80 %.

~ The reductions of lead in adult foods were achieved in large
pant by the discontinuance of lcad solder in food cans.

~ The reductions in lead exposure by removing the more
obvious sources of lead in ths diet have been achieved.
Further reductions will be mcre difficult o identify and
effect.

- There will be more emphasis on the dietary lead exposure of
specific popuiauons (e.g. consumers of ethnic foods).
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Abstract

The history of the Food and Drug Administration’s (FDA's) Total Diet Study (TDS) is described, together with some
detais on how it currently functions to monitor levels of lead and other chemicals in the US diet. Along with the history
and structure of the TDS, a brief description of our recent effort to combine TDS lead data with data from the USDA
food consumption database in a user-friendly report-generating computer program wiil be presented. This sysiem wiil
help us to produce lead exposure updates aimost immediately when new analytical results are added o the TDS

database.

The FDA has been working 1o reduce lead exposure to
populations particularly susceptible to the toxic effects of this
metal, namely, children and women of chikibearing age. Our
effons in this area presently include establishing specifications
for lead in foods and food additives: controlling the amount of

~ lead in such items as canned food, bottled water, dietary

supplements and wine: and conuolling lead exposure from the

" useof ceramic pichers, dinnerware and decorased glass, We are
" working 10 educate consumers w0 the dangers of exposure 10

lead and the means 10 avoid this exposure. and we are actively
working with induszy mdconslmermwmmd
reduce dietary intake of lead.
Ledexmmaymbymwmpuhm
These pathways are summarized in Figure 1, which shows the

. sources of lead exposure for children and young women. in

toddlers. food accounts for about 16% of their ol lead

. exposure. while in young women, {ood accounts for about 43%

of total lead exposure (FDA cstimate). The imporance of
reducing lead exposure from food sources for both of these
popuiations cannot be overemphasized. The TDS is a wol used
by the FDA 0 monitor and estimate lead exposure in the US
diet (Penninglon, 1983).
‘l'hepumymofnheTDSnnwme
dietary intakes of pesticide residues, heavy metals, industriai

- chemicals, essential minerals and radionuclides, and 1o compare

the intakes of these substances with Acceptable Daily Intakes.
Recommended Diectary Allowances, or Estimmed Safe and
Adequate Daily Dictary Intakes (Pennington and Gundersoa,
1987). In addition, the TDS allows identification of trends: it
may identify isolated contamination sources, and it serves as a
final check on the effectiveness of pertinent US reguiations and
initiag

The FDA initiated the TDS in May 1961, primarily in
response (o concerm about levels of radicactive contamination

in foods from atmospheric nuciear testing (Lombardo. 1986).
At that ime there was no nationwide government-sponsored
program designed 0 estimawe dietary intake of radwomcuve

materiais. The first TDS estimated levels of strontum-90 and____

cesium-137, as weil as organochiorine pesticide resxiues.
organophosphorus pesticide residues and selected nuthens in
the diets of young men. The TDS has been ongoing since 1961,
with considerable modification and expansion since its
beginning.

The diets for the varioys age-sex groups. along with
caloric coment, used in the TDS from its inception o mud- 1982,
are shown in Figure 2 (Penningion and Gunderson, 1987). Food
consumption data Grom the US Deparument of Agricufwure’s
(USDA's) 1955 Household Food Consumpton Survey were
used (o develop the firt TDS diet. This diet was based on
quantties of foods from 11, and laser 12, food commodity
groups, such as dairy products, grains, vegetables. and so forth,
as suggested for males 16 10 19 years old in USDA's moderate
cost food plan. This diet followed the general autnuional plan
of moderate income families, but was somewhat modified w0
meet nutritional goals. It was excessive in energy intake,
providing about 4,200 kcal day™'. 10 allow assessment of
maximum exposure 10 dietary CONTAMINans.

Collected foods were assembied by commodity type,
sampies were prepered for consumption, composited and
analyzed.

This same diet was used between 1962 and 1970 with
adjustments for regionai food patterns. [n 1975, assessments of
infant’s and toddler’s diets were initiated. In 1982, the current

Selection of the current diet was based on two nationwide
surveys covering about 50.000 people, the 1977-78 USDA
Nationai Food Consumption Survey and the 1976-80 National
Health and Nutrition Examination Survey (NHANES II). About

: '-’thuuFDAbymCuMMm'MMﬂlm. —

S Coyrrnd inan

b d . N . romn

1o imcnrmaraiinn the Penrssdings ~f the Sumnncim an the Binavailability and Dietarv Exnosure of Lead.



Children, 2 yrs old

Figure 1 Sources of lead exposure for selected populations expressed as a percentage of towl exposure (US EPA It

5.000 different foods were identified in these (wo surveys.
Practical considerations preciuded the collection and analysis
of all the approximately 900 foods that represent 95% by weight
of the US diet. or even the 500 foods required for 90%
represenation. An aggregation scheme was used by the FDA ©
select 234 foods 10 represent the 5,000 foods in the USDA
database. Most of the individual foods selected represented a
group of foods sumalar in type and nutnient coatent; the selected
food is the one food in the group that is consumed in the greatest
amount. For exampie, apple pie represents dozens of different
fruit pies and pastries conuining fruit, and a number of pasta
dishes are represented by spagheuti and meatballs in omaw
sauce. Thus, the 234 selected foods can be said (o represem all
5.000 foods identified in the two surveys (Pennington, 1983).

The end resuit of this extensive revision 0 the TDS was
a3 sct of updased. nationally representauve diets for eight distinct
age-sex groups (Figure 3) from infants (0 mature adults,
including males and females. Individual foods were analyzed.
rather than the food group composites of older TDS studies.

The current collection and analysis scheme for the TDS is
shown schematcally in Figure 4. Foods for the TDS program
are collected by inspectors from FDA District offices. The
technique of collecting representative foods is another aspect of
the TDS that has changed considerably over the years. For the
first 20 years of tbe TDS, marke: baskets of foods were
purchased approximately 30 times annually from grocery stores
by FDA District offices in the south, east. central and wesiern
USA, and the foods were prepared for consumption by cooking
or other methods. The prepared foods were then scparated into
the 12 commodity groups of like foods that were mentioned
previously, and thc foods in cach group were blended in
amounts proportional 10 their weights in the diet of a typical
iccnage male. The composites represcnling the 12 commodity
groups were then analyzed.

Under the 1982 TDS revision, foods are collecied once a
year from retail stores in cach of the four geographical areas of
the USA. giving a towl of four collections. Each collection, or
‘market basket’ as it is known, consisis of idcntical foods
purchased from grocery stores in Lhree cities within the

Females, Child-Bearing A

geographical area. Collections by geographic areas arc +
For example, the northeast coilecion may take placc
spring of one year and in the fall of the next. The ciues
each geographic area are changed with each collection.
two-thirds of the foods collected are adult foods. and on
represent infant and toddler foods. The same surrogaw
are always chosen. No brand names are specificd: &
selection is random. Because each city is in a dilteren
District, the year's collections invoive all 12 FDA B
TDS collections have bcen made {rom all states except -

Foods collected by the District Offices are scr
centralized location where the three sampies of a food fr

CALORIC COp

YEARSUSED AGE-SEXGROUP§ _KCALDA
1961-62 YOUNG MALE 4200
1962:70 YOUNG MALE 4200
197174 YOUNG MALE 3900
1975-82 YOUNG MALE 3900
INFANT 830
TODOLER 1300

Figure 2 FDA Towal Diet Study populations evaluated
incepdon of the study to 1982.

+ 6+11 MONTHS OLD

+ 2YEARSOLD

+ 14.16 YEAR OLD, MALE AND FEMALE
+ 25.30 YEAR OLD, MALE AND FEMALE
+ 6065 YEAR OLD, MALE AND FEMALE

Figure 3 FDA Total Diet Siudy popuiasion groups.
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FDA Winchaster Engineering and
Analytical Center
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FDA Center for Food Safety and
Applied Nutrition
Washington, OC

Evaluation & Publication

Figure 4 Schematic depiction of collection, preparanon and analysis of FDA Total Diet Study foods.

three cities are combined and prepared table-ready under
standardized and carefully controlled conditions. Analyses are
caried out at the FDA Towl Diet Laboratory in Kansas City.
Radionuclide analyses are performed at the FDA's Winchester
Engineering Anaiytical Center in Winchester, MA. Analytcal
data are remamed to the FDA's Center for Food Safety and
Applied Nutrition (CFSAN) in Washingwn, DC, for evaluation
and publication.

A-lymhavebeenmdmaybeaddedlomms
according 10 the needs and concemns of the FDA. Figure §
shows a few substances that have been of continuing interest
over the years, aiong with the year when each was added to the
analysis list. Presently, nearly 300 chemicals are analyzed for
by FDA chemists.

Analytical methodologies for organchalogen,
organophosphorus and other pesticides and organic
contaminants have been modified or changed 10 reflect new
developments in analytical chemistry. Because foods purchased
& retail and prepared ready-t0-et generally are expecied to
contin very low ieveils of contaminants, the anaiytical methods
used (10 analyze TOS foods have been modified w0 permit
quantitation at leveis § 10 10 times lower than thoss commoniy
found in FDA enforcement monitoring.

Techniques for desermining lead have also changed over
the years. Lead content was originally determined by atomic
__absorption spectrometry. Currently, dry-ash digestion followed
“—by graphite fumace awomic sbsorption spectrometry is used for
this analysis. The method has a iead quantitation limi of 0.02
1g g™, or 20 ppb (Capar, 1991).

Results of the TDS analyses have been published in the

scmuﬁc literature since the incepuon of the study:

£

As.w-puevuslynoed.neuiymm”uicide
meqboluu and alteration products, industrial chemicals,
futrients and other substances are monitored in the TDS

(Lombardo, 1989). Caiculated dietary intake levels of pesucides

have generaily been less than 1% of the acceptable daily inakes——

(ADls) established by the expert committees of the World
Health Organization and the Food and Agricuiture Organizauon
of the United Nations. However, in the 1960s 1t was (ound
through the TDS that for the persisient organochionne pesucide
dieldrin, the intake was ciose 1o the ADL Use of dieldrin was
revoked and the TDS has monitored its sieady decline in the

In the 1971 TDS, polychiorinased bipheayl (PCB) residues
were found in a ready-io-eat breakfast cereal. Follow-up
investigations revealed that the chemical had migrated [rom the
paperboard package that had beea produced from
PCB-contaminated recycled paper. This finding ultimaicly lead
10 & reguiation limiting the PCB content of paper intended for
food-contact use.

In 1975, residues of the fungicide and preservative
pentachiorophenol were found in uaflavorcd gelatin.

SUBSTANCE YEARS ANALYZED
ORGANOHALOGEN PESTICIDES 1961-PRESENT
POLYCHLORINATED BIPHENYLS 1971-PRESENT
ORGANOPHOSPHORUS PESTICIDES 1961-PRESENT
PENTACHLOROPHENOL 1981-PRESENT
ARSENIC 1964-PRESENT
LEAD 1973-PRESENT

TOTAL NUMBER OF ANALYTES > 300

Figure § Selected analyses desermined in the FDA Toual
Diet Study.
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Figure 6 Trends in dietary lead insake for children and women of childbearing age, from 1982 o . w8

Pentachlorophenol had been used to treat hides in
slaughterhouses, and many of these hides were shipped to
geiatin manufacturers. The use of penwachlorophenol had been
discontinued severai years before by US processors.
Investigation revealed that the geiatin tested was a mixture of
both domestic and Mexican geiatin. The Mexican gelatin was
found to contain pentachlorophenol and was not permiued to be
used in food.

For nurritional elements, one notable observation was that
of high leveis of iodine in the US dict. Intake levels have ranged
from about 2 t0 over 10 limes the Recommended Dietary
Allowances for this clement. Through the TDS, msjor sources
of iodine have been identified as dairy and grain products, and
foods containing the food color FD&C Red No. 3

The TDS has been very useful in monitoring the overall
level of lead in the US diet. As seen in Figure 6, lead intake has
" steadily declined over the last decade from about 36 pg day™'
for aduit females to about 8 pg day™! today. For toddlers, the
leveis declined (rom about 25 ug day12 o the current level of
about S ug day~!.

In the past, the major source of dictary lead was lead solder
used in food cans. Since 1979, domestic can manufacturers have
voluntanly discontinued most uscs of lead-soldered cans in
domesuc food packaging (Figure 7). As a result, in 1990 only
about 3.5% of all food cans produced in the US have cad-solder
construcuon.” The quantity of lead-soldered cans reaching the

US from foreign sources is not known. Recently, the FDA began

a survey of foreign governments (0 ascertain @ es &~ d-
lead-soldered cans overseas.

Figure 8 illusgrates the decline in iead leveds toume @ T
canned foods over the last six years. The 1989 icas weee @ TS
canned foods is only about 10% of the 1982 ievem Thm wve
will continue 10 drop as remaining lead-soidessg s ot

giw}
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g
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Figure 7 Perceniage of domestic food cans that are of
lead-solder construction.
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Figure 8 Lead in domesnc canned foods expressed as a
percentage of 1982-83 lead level in canned food.

removed from the market.

We are facing the difficuity that lead levels are becoming
so low that current analytical methods will be inadequate w0
determine them. For exampie, as mentioned previously, the
TDS lead quantitation limit is 0.02 ug g~', or 20 ppb. In the

. case of infams, the FDA uses a ilerabie range for lead intake

of about 6 10 10 ug day! for a 10-kg child. To ascerin
whether lead intakes from foods are near this 10 ug day™! levei,
a quantitation limit of about S g kg™!, or § ppb, is needed. To
know whether inmke is significandy below 10 pg day™!, a
quantitation limit of about 1 g kg~' is needed. Work is ongoing
in FDA's laboratories o develop the reliable, quantitative
methods that will be required to track the continuously dropping
levels of lead in the US dies (Capar, 1991).

One difficulty with using the TDS 10 make generalized
exposure estimates is that it models the diets of average
individuals in the US. it is difficult 10 use the TDS to generate
exposure estimates for non-average caters such as high
percentle consumers oc eaters of ethnic foods. To address this
problem, a computer database that will be a combination of the
TDS data on lead and the food intake information found in the
recently released 1987-88 USDA National Food Consumption
Survey is being creased. The end result will allow production
of updates 10 our lead exposure estimases as new analytical data
on lead levels in foods are received. In addition. it will allow
calculation of lead exposure from hypothetical diets and
esumnofludcmpuou bysuaeepubhmcr
individuals.

TheUSDAmmylsamm-aymddmm
Over 38,000 individuals parucipated, and these participants
were divided into 16 age-sex groups. Our initial interest is in
creating a system that will allow us (0 estimate dietary lead
intake from specific foods by age and sex of the consumer. In

additdon. we want 1O De abie © break down Our exoosure
esumates by consumpuon percenule.

As previously mentioned. the USDA Nauonai Food
Consumption Survey cawalogues over 5,000 foods including
ethnic foods and many foods prepared from muiticiz2
ingredients. Each of the 234 foods 1n the TDS represents cne or
more of the over 5.000 foods in the USDA dawouse. 5+
assigning the lead content of a representauve TDS {cod item w0
the USDA foods it represents, approxumate lead vaiues can be
quickly assigned to the entire USDA database. For USDA foods
that are combinations of ingredients, such as the iisung for we
food described as ‘beef stew with potatoes’, the USDA has
recipes specifying the proportons of ingredients. By xugung
separate lead values w beef and o potatoes, a weighicd average
lead content for the dish can be determined. The .omonasr
program that is envisioned will generate an intke repon ‘o
lead, or for any other contaminant for which we have anas~wa
data, for any diet that is specified. Another advanuage = e
computenized system is that when new anaiylna ims we
obtained, the lead values of ail the foods can be Jumsi> snst

automatically adjusted. Thus, we hope to have 2 s»wrvs s~

soon that will allow us to deveiop lead intake dia v em e
age-sex groups, for ethnic diets and for high-leve: . . ey

In summary. the TDS helps to fulfill ne ¢~ a,
responsibilities of determining the incidence sag ever
selected contaminants, pesticide residues and nuswm eesres
in the food supply, and it helps to promote .coeesmer
confidence. It provides ‘real world’ dietary ¢spoeare
information about food as it is actually consemes =4
information has been consistently used by Congress  ~uswr
consumer groups and other interested organizatuome ™ T3
has proved 0 be invaluable to the FDA in monitormg was oo
in the food supply, and there is no doubt that it will e o
provide a measure of the effectiveness of US regusmcms e
initiatives on lead reduction.
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A Guide to Interpreting Soil Ingestion Studies.
—1, Development of a Model to Estimate the Soil
_"Ingestion Detection Level of Soil Ingestion Studies
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Edward J. Stanek llI' and Edward J. Calabrese?

-1 Biostatistics and Epidemiology Program.

2 Environmental Health Sciences Program. School of Public Health, University of Massachusatts,
Amherst, Massachusetts 01003, USA

fhis paper provides a model to predict soil ingestion recovery values in soil ingestion studies either retrospectively or
prospectively. The predictive equations generated from the model can be used (o estimate minimum Soi.ingestion

detection levels from soi ingestion studies which use mass—balance methods. The model is denved from data assessing
soil recovery efficiancies in aduits using eight different predictive tracer elements. The results constitute a methodology

to determine minimum detection leveis of soil ingestion, and hence have important regulatory significance.

Introduction

Salmgmionbycmldrenhasbecomeanunpuummm
assessing public health risks at sites with tightly bound
-« contaminates ‘such as lead, PCBs, and dioxin. Several suudies
«+ have been completed which have autempted (0 estimate the
w4 amoumt of soil ingesied by children (Binder er al., 1986;
»- Clausing et al., 1987: Calabrese ¢t al., 1989; Davis et ai., 1990;
van Wijinen er al., 1990), and one for aduits (Calabrese ef al.,

“ml990) While each of these studies derived estimaes of soil

ingestion for their subjects, none of these smdies published the
level of detection of soil ingestion for their respective study
~-  groups.

' In this paper, we develop a methodology for assessing the
precision of soil ingestion estimates for a panicular tracer
‘element, based on perceat tracer recovery data from an
T experimental study among six adults. Although the results are

© besed on a small number of subjects, the methods developed are
2 sufficiently general that they may be applied w0 studies of 30il
*" “ingestion retrospectively or prospectively. Since wide
=5 differences in s0il ingestion estimates have been observed in
= v individual smdies of children, the methodology provides a
4% srmegy for identification of relisble soil ingestion estimates
+** (and quantifying the precision of the estimaie). Thus, this paper
v will present a methodology ©0 determine the soil ingestion
detection limit of 2 soil ingesuon study. The models developed

will be applied to other current published studies in Part 2.

* The Soil Tracer Meﬁnodolou

Sod traccr methodology is based on the assumption that
‘: “elements in soil that are employed in the methodology are not
absorbed or invoived in the metabolic pathway. The -basic
behndlheso‘lmmahodmtmwhenawbnus

7T

in equilibrium, the intake of an element from inhalation and
ingestion (food and waser) will equai the output of the element

in feces and urine. Meqmvnkmmbeexwmanmm"’
balance equation for a particular tracer element:
Lhetlarli+lwsOre Oy

where
[ = amoum of wacer elemem from air

sAcxX Ay

= (air concentration) x (amount of air inhaled)

[to = amount of tracer clement from eating food
sFpxF,

= (food concentration) x (amount of food ingested)

Is = amount of racer element from soil :
u8gX Sy
= (s0il concentration) x (amount of soil ingeseed)
le = amount of tracer clement {rom waser

s Wex W,

= (water concentration) x (amount of waser ingesed)
Or = amount of tracer clement from feces

aFexFy

= (fecal concentration) X (amount of feces)

Oy = amowut of tracer clement from wrine

-ngu.

= (urine concentration) x (amoust of urine).

Knowledge of each aspect of the equation, with the
exception of amount of soil (S,), will permit estimation of the
amount of s0il ingested.

In practice, not all pars of the mass balance equation are
of equal imporance. Soil ingestion studies based on a tracer
methodology have not emphasized sources of istake duc 10 air
and water, and sources of output due 1 wine due o their
genenily mgmbmmnummmw
mbdweqmuafoﬂow:

h.#lc.OI w

R ¥
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which resuils in the 5Ol ingestion esumate:
Sa = (O - 1t0)/Sc
(amount soil ingested) = (clement fecal - element ingested)
(conc soti)
[t is this equaucn that has been the source of soil ingesuon
estimates using the tracer methadology for all of the above cited
studies.

Evaluating the Precision of Soil Ingestion Estimates for
Tracers

The ideal racer element for soil ingestion estimation studies is
one that is not present in food (or water or air or medications),
is uniformly present in high concentrations in soil, and is poorly
absorbed via the gastrointestinal ract. No element meets these
criteria, since ail tracers have been found in food, and most are
present in relatively low concentrations in soil. However, the
soil ingesuon equation permits estimation of soil ingesuon even
when a tracer is preseat in the food, since this amount can be
simply subtracted from the amount of tracer output within the
context of a mass—-balance study. This subtraction assumes a
one to one correspondence between tracer intake from food and
other products (e.3. medxcmus)andt.heamomuofmeuacct
from food in the fecal output

The accounung for food in the soil ingestion equation is
valid if there is 3 one-l0-one correspondence between racer
food input and tracer output. This correspondence does not hoid
for two interrelated reasons. First, the amount of a tracer
ingested from food varies for a subject from day o day. Second,

_ the transit time for food from ingestion o feces varies from day

1o day. As a result of these iwo sources of variability, the
quantity of a tracer in feces in a given day will represent the
quantity ingeswed in solid food, liquids, medications. eic. (plus
the quamity ingested from soif) over some previous time period.
If a subject were followed for a long period of time with
continuous measurement of a tracer in food intake and fecal
output, one could argue that the amount of the tracer from food
should balance the amount of the tracer in the fecal output from
food. In practice, the correspondence may be poor. Practical
considerations have limited the time that a subject is followed
with coaunuous food intake and fecal ouput measures 10 3-4
days. Large discrepancies between tracer intake from food and
wracer amount due 1 food in fecal output are possible over short
observation periods.

The basic lack of emporal correspondencs between intake.
and output can be resolved by designing longer, more expensive
studies. Howevez, in the context of currenly conducied studies
some cvaluation can be made of the powential for s gacer 1o be
subject to "time’ errors. Tracers with low levels in food will not

be influenced greatly by diflering food intake or varying transit

limes. Additionally, the variability in food intake wiil have a
relatively smaller effect on tracers that have high concentrations
in soil. Il a known quantity of soil were ingesied, then a simple
measure of the impact of food on that wacer is the ratio of the
amount of a tracer in food t0 the amount of a tracer in the
ingesied soil, i.e. R = Igo/l,. Low ratios indicate a reliable tracer.
Higher ratios indicate progressively less reliable wacers.
Exampics of these ratios from Calabrese et al. (1990) based on
median food intake for six adults (towal of 17 subjecyweeks)
assuming a consumption of 100 mg of Northhampeon soil day™!
are given in Table 1.

. - ——— il -
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Table 1 Ratio of foodi{ 100 mg Northampion :oy,

for six adults.

Al 0.145 Ti 2.50
Ba 10.3 v 0322
Mn 28.3 Y 0.4
Si 1.04 Z 0.0893

Results based on Calabrese et ai.

The ratios in Table 1 provide a qualitative assessmen
the relative precision soil ingestion esumates based on n
elements. A quantitative assessment of precision for s
ingestion esumation requires actual data on percent recoven
soil. Such data are available from an experimental sty on
aduits who were administered a specified quanuty of ¢
(Calabrese ¢ al., 1990). Using such data and the mess rax
equation, a modet can be developed for the precision ¢ pero
recovery of soil. We develop a model for the average wua
deviation in the percent recovery of soil about 1% twe me
square error in percent recovery) using the food/wai weu 3
predictor variable. We first briefly review the alest w
design. The remainder of the paper presesus M am
development and results evaluatng the model.

An Adult Experimental Study of Soil | ngresme

An experimental study of the tracer methodasugy o
conducted by Calabrese et al. (1990) in Amherst MA S
panicipants consisted of six heaithy adults, three e 2
three females, 25-41 years oid. The study was conducssd ov
three weeks. Each participant ingested one capsule & ekt
and one capsule at dinner on Monday, Tuesday, and Wedneat
of each week. During the first week, the capsules ingsssd we
empty; during the second week, each capsule contaned S0 s
of sterilized soil; during the third week, each capsule com
250 mg of sterilized soil. Duplicate meal sampies. food &
beverage were collected from breakfast on Monday uwough ¢
evening meal on Wednesday for each subject in cach week. A
medications were included in the sampies. Towl excrewmr
output, feces and urine, were collected from Monday noo
through Friday noon of each week. Laboratory analyse
estimated on a daily besis the total amount of eighi tracers (A
Ba, Mn, 5i, Ti, V, Y, and Zr) ingested from food, from capsu
doses, and in the fecal and urine output. The resulls were us
10 form a single esumae for each week and elemem of dail
intake from food, intake from soil, and total fecal and urie
output. More details of the methods and resulis are given b
Calabrese et al. (1990).

Maodei Development

Since soil ingestion was controlled in the adult study, it i
possible 10 model the variability in soil ingestion estimates du
10 variable food intake and transit time. As a first siep in mode
development, the ratio of the average daily amount per week o

atracer ingested from food 10 the average daily amount ingeste:

puveekfmﬁemls(n R) was aalculawd for exci
e rm—— e ama
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Figure | Distribution of log(food/soil) ratio for six adults by element and week.

~ week for week two and twee for each subject When the

concentration of an element in food was less than the detection
limit for a given day, the detection limit concentration (see
Stanek er al., 1988: Table II, p.183) was muiliplied by the
amount of food ingested 1o estimae element ingestion. Of the
36 daily food ingestion estimates recorded, concentrations were
less than the detection limit on one or more days for five
clements (17% of days for Al; 6% of days for Ti; 17% of days
for V: 28% of days for Y: and 64% of days for Zr). For two
clements (Y, and Zr), no desectable amount of the element was
reported in food on amy day in | and § subject-weeks,
respectively. The weekly food/soil ratios by element are

- summarized in Figure 1. The nstural logarithm was used for

presentation since the range of food/soil ratios was large.
The distribution of weekly log (food/soil) ratios in
Figure 1 indicated a broad range of ratios for all elements. For

" Y, and Zr, weeks with no desectable clement ingestion from food

had log (food/soii) ratios that were subswntially different from

" the observed descctable distribution. These subject-week values

(i.e. when no dewecuable food tracer value occurred during that

- week) were excluded from subsequent calculations so as 1o

R

avoid undue influence on the resuits. Percent soil recovery was
estimaied for cach subject-week and clement by calculating the
average daily fecal outpm (Oy), the average daily food intake

: 7__:"0n).munwdlﬂymma,.)rotmmbjea.

Averages for fecal output and capsule dose were caiculsssd over
four days, while averages for food intake were caiculsssd over
three days. Percent recovery was then caicuiated as:
Percent recovery = 100 x (Of - lto¥le.

Figure 2 illustrates a plot of percent recovery agunst the
log (food/soil) ratios for the second and third weeks. Since no
soil was ingested by capsule in the first week, no percent
recovery could be caiculated for that week. Each point in the
plot is specific for a subject-week and element. The figure
indicates the anticipated pattem of larger variability in
log (percent recovery) with higher food/soil catios.

Variability in percent recovery was quantified by forming
six food/soil ratios groups with equal numbers of observations
in each group. For each group, the mean square ervor in percent
recovery was caiculated as the average squared deviation in the
percent recovery from 100%. The mean square estor was used
as the measure of variability for soil ingestion. The results for
the six groups are summarized in Table 2.

A plot of the log (MSE % recavery) versus the log of the
median food/soil ratios in Figure 3 illustrates a linear
rclationship betwcen variability in perceat recovery and
food/s0il ratios. Superimposed on the piot is the estimated linear
regression equation from a model o predict log (MSE %
recovery) from the median log (food/soil) ratios. The resulting
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parentheses.

Table 2 Results of six group formation for food/soil rasios

A cotmme T LSS s - T

and log (mean square error) in percent recovery.
Range in Median log (MSE
Group food/soil food/soil  for percent
®R) recovery)
1 0.000-0.075 0.0285 6.62
2 0.075-0.300 0.156 10.1
3 0.300-0.900 0.533 10.5
4 0.900-~2.300 1.47 126
f 5 2.300-8.700 1713 118
- 6 8.700+ 20.66 158

with standard errors of regression coefficients reported in
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_ “ ’ Figure 2 Plot of percens recovery versus log(food/soil) for six subjects. 2 weeks.
55}} : model predicied 89.5% of the variability in log (MSE % Model Implications
‘ : recovery), with a residual square error of 1.21. The regression
equation was: The regwmon model has unphcauons for esumaus
log (MSE rec y= 114+ 1.2T log (R) (1) precision of individual soil ingesuon esumates, as

exwension, implications for estimating soil ingeston .
population. Variability (as esumated by the standard deviz
i.e. the square root of the MSE) should be smait for esuc
0 be precise. We use one siandard devistion as 3 measa
this precision. Table 3 presents exampies of sandard devis
(expressed as percent) and the accompanying maxi
food/soil ratios based on Equation 1. If the food/soil

. exceeds the maxamum in Table 3, them one standard dev:

in the percent soil recovery will exceed the specified lev
the row in the table. Table 3 also summarizes the obs
proportion of subject/weeks in the adult study that fooc
ratios were lower than the caiculaied maximum amount (i.
peroportion of subject-weeks that meet oc exceed the spet
level of precision).

The results indicate that large amounts of soil, and/or
small amounis of food are required w have low star
deviations in the percent recovery. In the study of 6 adults
elcment that proved 10 be most reliable was Al Even (o
element, however, one standard deviation was less than or ¢
10 50% for oaly 18% of the subject-weeks,

. The resuhs preseated in Table 3 imply that variabili
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Table 3 Predicied siandard deviaion (SD) of percens recovery of soil for a subject and foodi soil ratos basea on
hypotneacal 100 mg ingeston of Northhampion sod from equaiion (1),

Maximum Percent likeithood that a subject would have a food/sonl rauo less
Percent food/soil rauo than or equai (o the indicated value by element’
recovery (R) 10 yield
(x13D) SD in % rec. Al Ba Mn Si Ti v Y Zr
100t S 0.00126 0 0 0 0 0 0 0 0
100 £ 10 0.00391 0 0 0 0 0 0 0 0
100+ 20 0.0121 6 0 0 0 0 0 0 0
100£ 50 0.0539 18 0 0 0 0 0 0 10
100 £ 100 0.167 53 0 0 0 29 12 0 40
100 £ 200 0.516 82 0 0 0 47 $6 63 60
100 £ 500 230 100 0 0 94 47 ™ 100 100

* Based on |7 tubjeci-wesxs for AL Ba, Mn, Si, Ti 16 subgect-wesks for ¥, Y; and 10 subpct-weeks for Zr.

percent recovery of soil is sufficiently great using the Calabrese
et al. study design sO as W prevent accurate prediction of
individuai soil ingesuon. uniess soil ingestion is at high lcvels.
Although individual soil ingesuon may not be predicted with
confidence, the population median (or average) soil ingestion
can be predicted with more confidence. This is based on
standard swtistical theory, indicating that the standard error of
the estimated population mean percent recovery is inversely
proporticnal 0 the square root of the sample size (Daniei.

1987). The larger the sampie size, the higher the-confidence in - -

the estimate of the percent recovery.
Equation 1 can be used to predict the maximum (ood/soil
rauio that will resuit in a given standasd crror in percent recovery
for a study population, accounting for sample size. This
equation is given as:
R = exp((ln (n) + In (MSE) - 11.41/1.227)

where n = number of subjects in the study population,
MSE = MSE of percent soil recovery for a siagle subject,

R = maximum food/soil ratio necessary 10-have the mean

square error of the percemt recovery for the study

population average be equal to MSE/a.

Using this equation. the degree of precision in percent
recovery is summanzed for vanious size siudy populations in
Table 4.

Table 4 can be used 0 estimatc the degree of precision in
the mean estimae of 30il ingestion for a population based on
the sample size and food/soil ratios observed in a given smdy.
The results summarize the impact of number of subjects on the
standard error in percent 30i) recovery assuming there is one
measure per subject. Whea studies record more than one
measure per subject (as in Calabrese ef al. 1989, and Calabrese

@

. et al. 1990), further information is nceded 0 know whether w0

o thad:

use as » the number of subjects, or the number of subject-weeks
in estimaiing the standard error in percent recovery. I there is
4 large subject component in the variability in percent recovery,
the number of subjects should be used as a. I the subject

. component in the vanability in peréent recovery is minimal, the

. number of subject-weeks should be uscd as .

Table 4 Maumum food/soil ratios (R) required to vieid g
specified standard error in the percent recovery, basea oa
equation (2).

Number of Maximum food/soil ratios (R) requured
subjects {percent recovery £ | SE)
(») 1005 100+ 10 100 £ 20 100 = S0
1 0.0013 0.0039 0.0122 0082
10 - 0.0083 0.0257 0.0796 0%
30 0.0203 0.0629 0.195 0 867
60 0.0358 0.111 0.343 1.53
100 - 003542 — 0.168 0520 2
400 0.1679 . 0.520 1.61 1.16

whether n shouid represent the number of subjects, or the
number of subject weeks. To answer this question. anafysis of
varisnce models were fit to-devisions from 100% recovery for
the six adults. Components of variance in percent recovery due
10 subject, and due to subject-week were evaluated. Four
models were fit using different dependent variabies. The
dependenx variable for the first model was the simple deviaton

-mmry.calcnhwdadndﬂumbammesod

Since the Calabrese ¢7 al. (1990) study evalusted aduits .

_?fam“mwe&mwbj&aitmmﬁbkmwdw

ingestion estimase and the capsule ingestion for each of the
subjects for each of three weeks for each of eigin elements. The
dependent varisbie for the second model was similar 10 the first,
where the deviation in recovery was calculated as the predicted
deviation besed on equation (1). Two additional models were
fit using the log of these deviations as the dependent variable.

The proportion of variation due 10 subjects was estimated
as zego for models using the actual deviation, and 20% and 11%,
respectively for models with dependent variables corresponding
1o the log deviations and log predicted deviations. In both
models based on the logarithm, the component of variance due
10 subject was not statistically significant. These results indicate
that the subject componcnt of variance is smail (or zcro) refauve
10 the week 10 week component of variance. These resukts imply
that the number of subject-weeks should be used as the sample

——



Table S Eswmnates of daily ingestion (lfo) of trace elements in food.

6 adults* 64 children® 101 childrea’
17 weeks 128 weeks 101 weeks
Element Median Mean Median Mean Median
Al (mg) 1.2 24 1.2 1.9 5.6
Ba (mg) 0.61 0.64 0.22 0.27
Mn (mg) 24 2.5 1.3 1.5
Si(mg) 29.0 320 14.0 17.0 20.0
Ti (mg) 1.3 26 0.20 1.0 0.64
vV (ug) 59 29.0 5.3 9.0
Y (ug) 1.1 13 1.1 _ 19
Zr (ug) 1.6 43 2.5 6.7
! Calabrese ez ai., 1990.
® Calabrese et al.. 1989.
€ Davis et ai., 1990.
Table 6 Estimates of trace element concentration (S,) in soil.
Northhampton® Amberst® East Helena® Southeastemn® Wageningen®
. MA MA MO Washingion State  Holland
Element Median Mean Median Mean Median Mean Median Mean Median Mean
Al(mgg I) 81 b1 ] 53 67 67 66 66 17.8 183
Ba(mgg” ? 0.59 013 034
Mn (mg ‘1 ) 0.82 0.73 0.71
Si(mgg™) 280 320 300 300 300 290 290
Ti (mg g ) 52 34 33 29 30 58 53 0.72 0.79
vV gs ) 140 6s (]
Y wgs™h) % ] y)}
Zrugg) 180 190 180
a Calabrese er al., 1990.
® Calabrese 1 al., 1989.
¢ Binder et al., 1986.
4 Davis et al. (1990)
® Clausing er al.. 1987.

size whes multiple measures are made on subjects for
evaluation of studies similar (0 the adult study design of
Calabrese ¢! al. (1990).

In order to evaluate the precision of population soil
ingestion estimates in particular studies, equation 2 can be
re-expressed by expanding the determinants of R, the food/soil
element ratio, and solving for the amount of soil ingested. The
resulting equation is:

Sasleexp{{it.4 =In(n) - In MSE)WL.227}/5c

where S, = the amount of soil ingesicd day™!
le = the amount of a paicular element ingested day™ from
food
a = the number of subjects (or subject-weeks) in the study
MSE = the mcan square error in percent recovery of soil (or
a subject (ie. SD % recovery = 20% implics that
- MSE = 400)

Q)

S¢ = the concentration of the pasticular element in sodl
Equation (3) provides an expression for the ‘dev
limit’ for soil ingestion with a specified levei of pre
(MSE) from a pertcular study. The equation depends ¢
amount of the element ingesied in food. and the correspo
concentration of the tracer element in soil. Exampi
published estimases of the daily amount of elements inges
foodmgiveninTableS.Euimdmm
elements in soil from published studies are given in Tabb
The esuimases of eicment ingestion from food and ¢k
concentration in %0il from Tables S and 6 can be us
equation (3) to gencrate piots of detectable levels of soil «
mplemfornpmlevdotmﬁgma
contain such plows for the Calabrese er al. (1990) aduit
based on Northhampeon soil concentrations, and medi
mmrwdwmamma
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2 Log(MSE % Recovery)

0 1 ! ! ]
-6 -4 -2 0 2 4 6
Log(food/soil)
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* Observed Log(MSE) — Predicted Log(MSE)
Figure 3 Plot of log{MSE percent recovery} versus log(foodisoil) for six food/soil groups
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Using Northhampton Soil Concentrations
Figure 6 Sample size versus soil ingestion (mg) assuming 2SE in percent recovery = 20% based on median aduit food ingestion
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Table 7 Approxmate 95% considence interval esumates for soil ingesiion in children based on predicied percent

recovery variance and food/soil element concenirations,

Study* Element n Median  95% CI Mean 95% CI
Calabrese Al 128 29 (16.42) 153 (121,185)
Calabrese Ba i28 <0 NA 32 (0,8492)
Calabrese Si 128 40 (17,63 154 (112,196)
Calabrese Ti 128 5S (25.89) 218 (80357
Calabrese v 128 9% (50.142) 459 (342,576)
Calabrese Y 128 9 022) 8s (41,129)
Calabrese Zr 128 16 (8.24) 21 (636
Calabresc Al 64 29 (1147 153 (108,198)
Calabrese Ba 64 <0 NA n 0.11996)
Calabrese Si 64 40 8.72) 154 95213
Calabrese Ti 64 55 (12,98) 218 (22414)
Calabrese v 64 96 (31.161) - 459 (294.624)
Calabrese Y 64 9 027 8s (23.147
Calabrese Zr 64 16 s2n 2 (043)
Davis Al 101 25 057 39 (0.82)
Davis Si 101 59 (197 82 (34,131)
Davis Ti 101 81 (2,139 6 (63.428)

* Calabrese er al., 1989 and Davis et al., 1990.
NA - not applicable due 10 negative estimates

If the detection limit for a study is defined as 2 SE in-the
%msm.mm&fmmhusdmm
the detection limit for the median or mean soil ingestion
estimate in the study popuiation. Figure 6 contains a similar plot
on a different scale illustrating the detection limits based on the
median adult food ingestion with 2 SE in the %
recovery = 20%. Since the Calabrese er al. (1990) swudy
included |7 subject-weeks of observation, the minimum amount
of soil that couid be detected with 20% (= 2 standard errors) in
percent recovery is estimated as 374 mg for Al, and 224 mg for

. Z¢. Similar detection limits can be caiculated for other studies.

The choice of mean or median food ingestion makes a
substantial difference when evaluating the amount of %0il that
can be detecied for 8 given standard ervor in percent recovery.
The esumate of dessctable soil ingestion from equation (3)
assumes that all subjects in the study have the same food intake.
If that common food intake is the median intake, thea the

.estimase of the desectable median amou of soil resuks. Since

food ingestion is not normally distribuwed (but skewed 10 the
right), the average food ingestion is higher from the median
intake. Although the average intake may not correspond 0 the
actual iniake of any parnticular subject. the evaluation of soil
detection assuming all subjects ingest the average intake results
in a detection limit more appropriaic for an average soil
ingestion esumate.

Equation (2) can aiso used to cstimate confidence intervals
for population mcdian or mean soil ingestion estimates based
on particular elcments. Approximate 95% confidence inteeval
cstimates arc given by the expression:

Sa22S.exp(0.5(11.4 + 1227 in (l/(Sc Su)) - In (W)])  (4)

Using values of S, from Calabrese er al. (1999 s wvw
et al. (1990), I, from Table S, and S; from Teo® * «my
median concenrations), and reparted sampie (or wbexs o)
sample sizes, approximae 95% confidence inwrvel easnme
can be made for the population soil ingestion. Thew ensnmes
are given in Table 7. For comparison, confidears essrval
estimates are included for Calabrese et al. (199" bmmsg n
n-luwbpa-weehuldn-ﬂmbjgcu.

Discussioa

The methodology presented in this paper offers s wey of
quantifying precision of soil ingestion, and the desscton st
for s0il estimation from existing swmdies. The resuim are of
wmeﬂmmmumuv-w
futnre soil ingestion studies. For existing studics. the meshods
provide a rationale for selecting clements for quanafywg sou
ingestion that are mast relisble. For design of new susdiss, the
results allow eclements 10 be screened based on the food/soul

ratios prior to study conduct, and permit sampie size

calculations to be made that reflect a specified level of

Although the methods and resuits may be useful in
quantifying soil ingestion, there are three aspects of the current
study that are imponant in inerpreting the results. First, the
study resuits are limited by the small number of subjects (n = 6,
12 subject-weeks per tracer) used 10 caiculae all equavons. A
larger, more diverse siudy population would clearly be
desirable. Within this conext, i is important 0 note tha only

seven subject-weeks wers included for Zr due 10 Zr food

iwmuuummhimm
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Table 8 Effect of alternanve assumptions on casual sou ingestion tn adudts on approxamate 95% conyidence
interval esumales for median sou ingesiwon img day'( ) in ciuldren based on predicted percent recovery vanance

and food/soil Al concentrauon.

Assumed adult Calabrese Calabrese Davis
daily soil ns=128 n=6d n= 101
ingestion Lower Upper Lower CUpper Lower Upper
(mg day™)

0 16 4 11 47 0 57

10 16 4?2 10 48 0 59

25 15 43 9 49 0 61

50 : 15 44 8 50 0 65
100 10 48 2 56 0 78

We feel that the decision (o exclude weeks with less than
detectable food intake for paruicular elcments from the analysis
will serve 10 make the resuits more robust. Since all analyses
are based on a log scale, and log (0) approaches minus infinity,
using the ioganthm of the detecuon limit or some fraction of
the detecuon limit may have a large influence on the modelling
results. This intluence will depend on the somewhat arbiary
choice of values used (0 replace the detection limit. This
problem was avoided by excluding subject-weeks with less than
detectable food intake for an element.

In contrast, when one or more detectable values of a
particular eiement were recorded in a given week, we used the
detection limit for days in that week when the element was less
than detectable prior to calculating an average food ingestion
estumate for that week. This decision had minimal impact oa the
results, since detectable ingestion of food nearly always
exceeded the detection limit by one or more orders of
magnitude. As a result, averaging in the detection limit, or using
zero as the esumate of food ingestion when ingestion was less
than detectable had linle influence on the resulling food
ingesuon average for the week.

A second aspect of the study that is important in
interpreting results is the dependence of results on the adult
study protocol. All modeils were developed based on 3-day
average estimates of element intake from food, and 4-day
average estimates of element output in the feces. Although the
average daily food intake and output may not be affected by
varying study collection protocols, longer food-fecal collection
prowocols should increase comrespondence between food and
feces. This increased cormrespondence should increase the
precision of s0il estimates. As 3 resuit, the prediction equations
may not be valid for studics with food-fecal collection
protocols that differ from the Calabresc ez al. (1990) study. For
studies with shorter collection prowocols, the resuits may be
considered a lower bound for prediction of soil ingestion
detection limits. For siudies with longer collection periods. the
soil ingesuon estimates may be more reliable. In addition, since
the cquauons are derived from adult data, the appropriaicness
of applying study results o children, although plausibic, can not
be confirmed. '

A final aspcct of the present study that is important in
inlespreting study results is the assumption throughout the
model development that study subjects did not ingest soil other

than from capsules administered in the sdy. Calabrese
(1990) provides casuyal soil ingestion esumates for adukt
suggest that a zero soil estimate is unreasonable. To ev:
the impact of casual soil ingesuon estimates on equation «

re-evaluated the regression equation assuming 10, 25. 50.¢
mg day™! soil ingestion per aduit. The resulung para
estimates were then used in equation (4) to caic
approximate 95% confidence intervais for median soud inge
similar to Table 7. The effect of different assumptons
similar for each element, so we present only resuits based

in Table 8.

Although the regression coefficients change 1
different assumpdons of casual soil ingestion among a
coanfidence intervals Jce affected only modestl:
hypothesized adult ingesuon levels of less than 50 mg ¢
With larger hypothesized soil ingestion for adults, the wi
the confidence intervals increased.

The models presented in this repont predict variabib
soil ingestion solely on the food/soil ratios. Another factr
may be important in evaluating potenual tracers for
ingestion estimation is varisbility in daily food intake. Elen
with more highly variable food intake are more likely w0
correspondence between food intake and fecal output pex
for studies with protocols comparable to those cited. Addit
models were developed to assess the effect of daily variat
in food intake in conjunction with the food/soil ratk
estimating the log (MSE % recovery). These models indic
that daily variability in food imaks was positively assoc
with log (MSE % recovery), but less important that the fooc
ratio. However, sampie sizes were 100 smail using these d:
have confidence in projecting detection limits based on the
variable model. Stilt, this factor should be considered in &
of future studies to quantify soil ingestion.
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A Guide to Interpreting Soil Ingestion Studies.
2. Qualitative and Quantitative Evidence of Soil
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Abstract

Four major studies have arntempted to qualitatively and quantitatively assess the extent of soil ingestion in chigren usang
the soil tracer methogology. The validity of the estimates of soil ingestion of each study was resvaluated in syre  ne
inherent strengths and limitations of study design and/or execution as weil as via a novel methodoiogy o esnmese he
soil recovary vanance of each tracer which then 18ad to the estimation of soil ingestion detection limits ot eacr racer
for studies performing mass-balance analyses. Based on these analyses it is conciuged that the Binder ;i & . *386)
and Van Wijnen et al. (1990) studies provide no convincing evidence to support Qualitative and Quantitative estwneses
of sadl ingestion due to inherent limitations of their respective study designs. The Davis et al. (1990) and Camstrese ot
al. (1989) studies displayed convincing qualitative evidence of soil ingestion. However, the results indicsse ™a e
median soil ingestion estimates of Davis et al. were iess reiiable than those of Calabrese et al. The range of dewscron
limits vary according to the tracer and the assumption of accsptable precision in recovery estimation. The mwrewm

detection level of soil ingestion in children in the Calabrese et al. study with a variance in racovery of 100% * 20N way—

16 mg day™' based on Zr.

These findings are of particular reguiatory significance since they provide: (1) a method of assessing me eve of
detection inherent in sod ingestion studies, (2) a reevaiuation of the major sod ingestion Studies in wgre o ~ew
methodology, and (3) guidance for future studies so that detection capacily can now be included in the preseragson of

study findings.

Introduction
Concern over ingestion of soil by humans, especially children,

_has become an area of regulaiory concemn. Estimation of soil

consumption has strongly influenced risk assessment activities
associated with dioxin contamination at Times Beach, Missouri
(Kimbrough er al. 1984), as well as childhood lead risk

assessments (NRC, 1980). Modern estimates of soil ingestion .

have been based on the use of soil tracer agents that ideally
would be present in s0il, not present in human foods and
medications, and poorly absorbed via the GI uact. The use of
soil tracer methods has represented a major improvement in the
quantitative estimation of soil ingestion over previous
qualitative and semi-quantitative estimates of s0il ingestion
(Kimbrough et al., 1984; Lepow er al., 1974; Day et al., 1975).
Four major soil vaccr swdics (Bindcr et al., 1986; Calabrose ef
al., 1989 Van Wijnca et al., 1990; Davis et af., 1990) and onc
pilot study (Clausing er al., 1987) have now been compiesed
and provide the basis of current estimaics of soil ingestion in
children. A suiking observation is the remarkable interstudy
consisicncy in the estimated soif ingestion values amonyst these
siudies despite the fact that they were conducied by four
difTerent rescarch teams, in three differcnt pants of the USA and

the Netheriands, involved different seasons of the year and a
variety of different tracer elements (Table 1). This evaluanon 1s
designed o assess the capacity of soil racer methodolopres to
derive reliable estimates of soil ingestion. Particular emphasis
will be directed 10 the validation of the mass-balance
methodology, seiection of tracers, sensitivity of the method and
the issue of negative values. In light of this assessment, the
available studies will be examined to assess to what extent their
individual and collective estimates of soil ingestion are reliable.

Backgrouad

The basic concept behind a 30il tracer study is that the ingestion
of an elcment from non-0il and s0il equals the amount excreted
in feces and urine. Soil intakes can be estimased by making
measurcments of Uracer concenurations in ingested items (e.g.
food, medications, vitamins, toothpaste), feces, and urine.
Mathematical expression of the mass-balance relationship is
provided in the previous paper (Saack and Calabrese, 1991).

As nowed above, an idcal aacer would be one that is poorly
absorbed into sysicmic circulaion. is not inhaled m appreciable
amounts, and is present in ingestible items in only vace
quantities. Unforumascly, many wacers are indeed present as



Table | Soii tngeston estunates in ciuldren 'mg a.ay"l;.

Binder Van Wijnen Davies Calabrese
et al. etal. et al etal.
Mean Median Mean Median Mean Median Mean Media
Al 181 121 - - 40 25 153 29
Si 184 136 - - 82 59 154 40
Ti 1,834 618 - - 246 81 218 55
Ba - - - - - - 2 <0
Mn - - - - - - <0 <0
\' - - - - - - 459 96
Y - - - - - - 8s 9
r4d - - - - - - 21 16
Limiting gacer
method (LTM)
{Day care center) 103 111
(Campers) 213 160

minor constituents of foods or other ingestible products, and
hence they must be accounted for in mass-balance studies
(Suanck ¢ al., 1988).

Documentation of tracer intake needs to be included as a
component of soil ingestion studies since it permits the
identfication and quantification of tracer elements from
non-soil sources and heips prevent over-estimation of soil
ingestion. For this reason, food collection (in the form of
duplicate food samples or their surrogases) is an important
component of soil ingestion studies. However, because of their
high cost, the mass-balance component of soil ingestion studies
has been of limited duration (3-5 days).

Despite its importance, collection of food and medication
is not sufficient to eliminate food as a conmibutor to variability
or bias in soil ingestion studies. Consequently, mass-balance
swudies of limited duration may not be able 10 achieve an
adequate input-output equilibrium resuiting in input-output
misalignment. This resuits in both under and over-estimates of
soil ingestion. For exampie, individuals consuming unusually
high amounts of a wracer clement from food on the day prior 0
a four-day mass-balance study may display exuemely high
. levels of the uacer in their fecal sample over the next several
days. This could lead (0 a gross over-estimate of soil ingestion.

The reverse situation could also occur, resuiting in
undec-estimation of soil ingestion. !f variation in food
consumpuion of the racer elements were negligible from day ©
day, the magnitude of soil ingestion error due 0 food/fecal
sample misalignment (both under and over estimations) would
be quite smait. The quantitative implications of misalignment
error is the requirement that negative cstimates of soil ingestion
be included as negative values in order 1© cancel ot positive
error estimates, even though it is not possible o ingest negative
amounts of soil. If one were 10 count the negative values as zero
it would leave the positive over-estimates in place and would
retain an over-estimation error. We first bricfly revicw the study
design of individual soil ingestion stdics. Since three studies
have important methodologic limitations (Binder, Clausing and

oL b

Van Wijnen), such limitations will be discussed n e .
of each study. For the two remsining studies (Calabre
Davis) we briefly review the individual sudy's met
and then auempt to critically evaluats these studies resu

Specific Studies

‘Binder et al., 1986

This smdy collected fecal sampies on 59 children 1-3 »
age over 3 twee day period. Soil and dust samples we
obtained from the residinces of the children bwt no foc
collected. The soil tracer elements employed were Al
Ti.

The Binder et al. study was an impornant effon s
represented the first antempt 10 provide a quantitauve st
estimate soul ingesuon. tHowever, 2 major timitauon of the
was the lack of intake measures contributed from food and
non-30il sources. In addition, the Binder er al. study
assumed that the amount of fecal mawer excreted was
greater than mesasured in their sudy (15 g vs 7.5 g of ¢
dried fecal mauer). This was 0 compensate for what
believed to0 be 2 sample loss in their study.

By not taking food inw account, the Binder er al.
provided at best an upper bownd estimae of soil ing
assuming all fecal racer quantities came from ingesied so
impact of using 15 g freeze dried fecal weights on soil ing
estimates is 10 double estimases relative to comparabic esu
based on observed fecal weights. Unfortunasely, the stud
unable to quantify fecal sample loss, 50 %0il ingestion esu
are directly dependent on the assumed S0% (ccal s
collection. .

Clausing et ai., 1987/Van Wijnen et al., 1990

These (wo swdics followed the same basic approsch as E
et al. in that 30il racers were employed 10 estimau
ingestion. However, the studies difered from the Binder
methodology in scveral important sespects. First, the o
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were Al, Ti and acid insoiuble residue (AIR). The AIR
was used since the invesugators were ynable o
y solubilize Si. Second. like the Binder ef al. study,

* g food was collected from the free-living subjects and thus no
~ ¥ macs-balance approach was used. However, 10 compensate for
> this limitation the invesugators employed what they termed a

bospual control group that was assumed not to have ingested
¥ racer conwauning soil or dust Duplicate samples of the hospital
‘“ controls’ food were analyzed for each tracer. The
mmukmmmofmmmefoodotmehommmd
"~ subjects were assumed to be the same for each of the
" pon-hospitalized subjects and subtracted from their fecal racer

total.
The Van Wijnen et al. study aiso used the lowest of the

“7 three tracer values 10 extimate sc ingestion (i.e. limiting tracer
* method, LTM) since they claimed that the lowest vaiue could
" "not be logically exceeded. The collection of wtal daily fecal

samples was likely to be considerably less than complete since
entry into the study was permiaed with a single fecal sample

___. . with further daily follow-up for other possible fecal sampies not

rigorously pursued. To compensaie for possible uncollected or
lost sampie material they assumed that each individual
produced a daily fecal value of 15 g of freeze dried sampie and

j excreted tracer values accordingly. The Van Wijnen 1

 al, suudy evaluated 292 subjects ranging in age from 1-5 years.
" The children invoived individuals residing in suburben and

urban sestings, as well as children on camping vacations.
The Van Wijnen er al. protocol possesses several

_ methodological limitations which affect the inierpretation of the
- stady. The use of hospitai controls o assess food tracer intake
* by all subjects represents an improvement over the Binder er al.

report. However, it is questionable that the hospitalized
children’s food intake is representative of the non-hospitalized

~ subjects’ food intake. This question, which is critical 0 the

validity of the report, was not specifically evalusted by Van
Wijnen et al. It may be speculaied that hospitalized children are
more likely w0 be less physicaily active, have lower caloric
requirements, consume less food and therefore, have different
and probably less food tracer intake than free-living children.
In addition, the range of food items in a hospial would most
likely be far less variable than in free living families. This is
supporied by the Van Wijnen er of. data that demonserated littie
interindividual variability (1.7-foid for the 95% conafidence
intervai) in LTM values in hospitalized children. The
implication of these two factors is that the towl tracer quantity

ingested by free-living children may be significantly

uader-estimated and therefore soil ingestion may be
over-estimated for such children. The soil ingestion estimases
are also likely 10 have antificially high variability due 10 the
sssumption of constant food ingestion between subjects. These

- dsa emphasize the critical need w0 clarify how weil the

,‘P

hospitalized controls in the Van Wijnen et al. study represemted
the tracer consumption pauems of free-living children in order
10 estimate the potential bias in the s0il ingestion estimates for
children.

The Van Wijnea study made no effort to assure total daily
fecal collections and specimens were scaled up 10 15 grams of
dried feces per day. For example, if a daily sample had $ g, it
was assumed the child excreted 15 g day~! and that fecal wacer
concentration would remain constant. In such a case the tracer.
value was increased by a facwor of 3 10 adjust for the ‘lost’ fecal

weight. As in the Binder study, the artirary use of {$ 3 2ay™
fecal weight may severely bias esumates of soil ingesuon
values.

A final limitation of the Van Wijnen swudy is the use of the
least tracer method (LTM) in esumating soil ingesucn. The least
tracer method appears to have no biologically based founaaucn
inherendy supported by the wracer methodology emploved and
is likely to resuit in an under-esumate of sou ingesuon.
Selection of the best tracer is not based on which tracer provides
the lowest values, but more appropnately the one that is
established through proper validation. Issues such as gacer
recovery values, tracer intake variability, ransit times, food/soii
ratios and gastrointestinal absorption efficiency, shouid be
addressed when determining which tracer(s) provides the most
reliable estimate of soil ingestion.

In summary, the lack of a validated mass-balance
approach, the use of a hospital-based control without reference
10 its representiveness 10 free-living children, and the use of
fecal sample size scale up procedures, limit the ability of the
Van Wijnen es al. study to reliably quantify soil ingeston 1n
children.

Calabrese et al., 1989

The third major study on soil ingestion in children (2 = 641 was
that of Calabrese er al. (1989). This study, which followed the
basic tracer design of Binder er al., added severai

methodological improvements 10 the previous studses. These

included the use of a mass-balance methodology studv over 2
two week period in which duplicate samples of food. medxcines.
vitamins, etc. were collected and analyzed on a daly basus. In
addition, this swudy atempeed 0 validate the mass-balance
methodology used with the children by administenng known
amounts of soil o adults using eight tracer elements (Al Si. Ti,
Ba, Mn, V, Y, Z1).

The validation study established that a four-day
mass-balance protocol was able 10 quantitatively esumate the
amount of soil ingesied by adults at a daily raie of 500
mg day™'. Less reliable but still accepubie tracer recovenes
were obtained when the subjects were administered 100 mg of
s0il per day. This validation study not only confirmed that the

- methodology could quantitatively estimate soil ingestion but it

also provided information on which elements had the potential
10 be the most reliable tracers. Calabrese et al. (1989) conciuded
that when food intake was not accounted for in the
mass-balance approach, estimated soil ingestion values would
have been higher by several fold depending on the specific
uacer. )

Davis et al., 1990

A recent report by Davis et al. (1990) used Al Si and Ti as the
tracer elements in a four day mass-balance study that included
measurements of the tracers in food, feces and urine as a one
week average value. Since daily samples were not analyzed,
daily vasistion in tracer input/output could not be assessed. This
study was based on observations on 3 random sample of 104
2-7 year-old children. Children in diapers were excluded from
the siudy. This siudy also addressed medicines and vitamins
mmeduwdonemﬂn&hhmead.sndy No validaiion
of their study protocol was stiempeed.



Qualitative Evidence that Children Ingest Soil

An essenual feawre of the resuits of soil ingesuon studies using
a mass-balance methodology as noted above is that subjects can
be observed as displaying either positive or negauve soil
ingesuon values. While negauve soii ingestion can not actwaily
occur, the mass-balance approach can yield negative soil
ingestion estimates. This is an imporiant artifact of
mass-balance swdies that occurs when food intake and fecal
output measures are somewhat out of proper alignment.
Qualitative evidence of soil ingestion is indicated when the
proportion of positive soil ingestion estimates exceed the
proporton of negative soil ingestion cstimates.

With the above information as a background, the
following tracers had negative soil ingestion values in a sizeable
percentage of subjects in the Calabrese er al. report: Al 14%, Si
25%. Ti 30%, V 13%, Y 44%. and Zr 36%. Similarly, the Davis
et al. report had negative soil ingestion estumates for Al 12%,
Si 32%. and Ti 25%. While even under ideal mass-balance
conditions negative values would not be unexpected, there is
litle question that in each study some degree of input and output
misalignment occurred.-

Negauve soil ingestion esumates wouid be expected to
occur more (requently for tracer elements with high food-t10-soil
ingestion ratios. This is supported in an adult validation study
~ (Calabrese ¢t al. 1990). When study subjects were administered
100 mg day™! of soil, seven negative ingestion values were
reported out of 48. No negative soil ingestion estimates were
reporied when the subjects were administered 500 mg day™! of
soil. Furthermore, the wracer clements Ba, Mn and Ti which
showed high food-t0-soil tracer ratios of > 10.0 in the 100
mg day™! smdy of the adult smdy each had two instances out
of six with negative soil ingestion estimawes (Table 2).

Even though sizeable percentages of negative values exist,
this wouid not be an argument against soil ingestion uniess
> 50% of the subjects displayed negative values. The fact that
the positive soil ingestion estimates occur from 56 w0 88% of
the time depending on the tracer in the Calabrese er al. (1989)
study and 68 0 88% of the time in the Davis ¢t al. repornt argues
strongly that soil ingestion is occurring. Despite this
circumstantial evidence 10 support soil ingestion, is it possible
to explain the presence of tracers in fecal matter of the children
by foods, medicines, etc., and not by consumption of soil?

The ability of tacers in (oods. othpaste and medicines
to mask true s0il ingestion can be evaluaied through i
of the reiative contribations of each 10 the fecal output. Table 3
shows the median tracer values for fecal output and food intake
as well as the posential contribution of toothpaste © the wacer
intake of the children in the Calabrese er al. (1989) study.

The median value of tracer excreied in feces for the
children is presented in column | of Table 3. The median daily
amount of tracer ingested from food is given in Column 2.
Toothpaste ingestion esumates for three clements in Coiumn 4
are based upon a study by Bamhart er al. (1974). The towl tracer
amount ingested is given in Column 5.

The daia indicate that Al, Ti. V and Zr have more iracer
element quantity in fccal sampics than can be accounted for by
food ingesiion. In contrast, Si. Ba and Mn arc in ncgauve
balance while Y input and output were cquivalet. These data
suggest that food ingestion and toothpasic canaot account for
the presence of all the racer amounis found in the feces for Al,

Ti, V. and Zr. However. 1t shouid be empnasized 5l e o,
positive excretory balance of Si can be accounted for.
ingesuon of wothpaste withoul regard to the need for emplov,
sou ingestion. This has considerable retevance w0 each of -
published soil ingesuon studies. Thus. unless 3 non-siic
toothpaste were employed. the uulity of silicon as a gace:-
children is severely compromised. This will not be the case:
adults where 1oothpaste ingestion has been reported 1o
negligible (Bamhart er al., 1974). With respect o the use of
as a tracer, it appears that toothpaste ingestion may accoun
up to about 30-100% of the excess Al tracer in feces assum
they brush their teeth from once every other day, up 1o twotg
a day, and may therefore nearly fully account for the posz
fecal Al balance.

In summary, it may be reasonably concluded ¢
qualitative evidence exists that children ingest soil. The cnu.
issue for the perspective of possible risk assessment pracuce
the quarntification of inestion estimates.

Quantitative Estimates of Soil Ingestion In Children
A critical issue in quantifying soil ingestion is the relabilin
soil ingesuon estimates within the coniext of the mass-baia:
methodology. Only one validation study has been conducted
the mass-balance methodology for estimatng the quantry
soil ingested; the methods were validsted among six x
volunteers over a three week period (Calabrese er a . 19
This swdy assessed whether the methodalogy couid deterr
the amount of soil ingesied when the volunteers w
adminisiered either 100 or 500 mg of soil per day ior uveed
Direct validation of the methodology among chuldren 1s
difficult, in part due W difficulties in getting informed cons
as well as due 10 the reiatively high soil dose leveis needed
2 result, quanditative esiimates of soil ingestion in children
dependent upon the assumption that the mass-baia
meshodology is valid, including its extrapolation from the a

Four major assumptions are necessary tor
exuspolation of the wacer findings from the adult stud
children’s studies. First, the Gl yransit times are assumed «
comparable between adults and children. Second.
absorption efficiencies are assumed 10 be comparable betw
adults and children. Third, the food 0 soil tracer ingestion rz
are assumed 10 have a similar range between children
adults: fourth, the variation in daily tracer ingesuon is sin
between childresy and aduits.

Table 2 provides information on tracer recovery in
adult validation study. The results ciearly indicaied that A
and Y were the most relisbie tracers at the 500 mg day™ !
based on their approximasely of 100% recovery and the sms
variability as measured by the standard deviaton (SD) o
mean. The findings were not nearly as glear at the 100 mg ¢
intake rate. At the ingestion rate of 0il of 100 mg day™! per
recovery deieriorated. Al Si, and especially Y and Zr appe
10 be the most reliable tracers. For those tracers, recc
percents ranged from 80~153% while the SD refle
considerably greater variation than at the 500 mg day ™! |
The recovery study indicated that with # = 6, the mass-bal
method rcliably contirmed the ingestion of 500 mg day™! o
with acceptable vanability (1SD<20%). However, at the |
soil ingestion level (i.e. 100 mg day™') the recovery of soi




: ‘3 B Table 2 Percent recovery of eight tracer elements in adult validation study.

—a——

= D Ba Mn Si Al Ti v Y Z
",‘" “100 mg day™ of soil ingesuon

0966 61 1150 839 86.0 105 693 108 284

0967 0 0 0 70.0 0 99.1 94.4 355

0968 11,500 0 101 9.1 52 260 118 89.6

0969 13713 3320 431 301 762 527 205 146

0970 592 2,190 133 281 120 67.9 926 101

0971 0 403 81.7 828 0 423 105 83.0

Mesn 2300 1,180 139 153 252 us 121 80.6

sD 4530 1340 150 108 316 247 424 437

$00 mg day™ of soil ingestion

0966 179 187 8438 929 337 245 9.4 63.2

0967 168 201 81.7 912 253 178 872 322

0968 95.7 234 94.6 108 139 116 842 58.6

0969 258 613 120 107 928 179 102 6.6
0970 139 120 976 96.5 933 114 66.7 61.1
» - 0971 59.3 135 720 654 1,030 53.8 855 106
} : e~  Mean 150 248 918 935 286 148 §15 546
L‘ - D 9SS 184 166 155 380 66.8 126 334
-
::' ' Note: 0% recovery corresponds w0 a negative soil ingestion esumate.
M o
mi . highly varisble (1SD>40%). Thus. by lowering the daily soil In order to evaluaic the extent 10 which estimates become
a_j ’!; mgesuon rate fmgn 500 to 100 mg day~! precision was  unreliable at low soil ingestion m_the companion paper in
Al diminished and variability was markedly enhanced. The aduit  this issue of the journal developed a biomathematical modet ©
ab ‘%, validation data suggest that much less confidence exists with  estimate the capacity of soil ingestion smdies 10 measure the
g - _w_'mmmela).mgday"wﬂipgmmm precision of soil recovery. By desermining the precision of soil
up.: this greser sutistical unceruinty, it is stil ressonable af least  recovery the model established the foundation by which a

-~
~

e e e e o

b

A |

for Y and Zr to conclude that soil ingestion could account for
the enhanced presence of tracers in the feces both qualitatively
and quantitatively among the adults.

These findings suggest that tracers (i.e. Y and Zr) not
previously empioyed in any other study may be the most
reliable for soil ingestion estimmes. Additionally, the wacer Ti
which has featured prominently in the Binder et al., Clausing
et al., and Davis et al. studies, yielded poor average recovery
values in the adult validation study. Definitive conclusions
conceming Ti are not possibie in the adult study due 10 the small
sample size (and unusuaily high recovery estimase for [D 0971
at the 500 mg day™! level), but the reiatively poorer recovery

~ resuits & both the 100 and 500 mg levels suggonts that Tl is not

- the best element for the mass-balance approach based on the

I:

adult study.

Al and Si which performed quiee well with respect ©
recovery cfficiency at 500 mg day~' were at best only
marginally acceptable at 100 mg day~!. In fact, the adult
validation study resuits cail into queston the ability of the
Binder et al. Clausing et al., Davis et al. studies for providing
reliable estimates of soil ingestion for children. Their
conclusions about soil ingestion estimates are made even more
questionabic by the further concem that if Ti as well as Al and
Si are inadequate in the validation method at soil ingestion rates
of 100 mg day~!, it is expecied that they become cven less

" reliable s lower levels of estimaied exposure.

minimal capecity o detect soil ingestion in subjects may be
made. The analysis indicated that the primary factors affecting
the capacity t0 estimate minimal soil ingestion desection of a
study are the food to soil racer ingestion ratios and the sample
size of the smdy.

To dase none of the published studies on soil ingestion
have addressed the capacity of their particular study to detect
soil ingestion. It has been tacitly assumed that what was
caiculated (o be estimases of soil ingestion were in fact able
be reliably measured by the study. The model indicates that this
is an erroneous assumpuon and provides a vehicle by which the
soil ingestion detection levels may be estimated both
prospectively and rewospectively. Consequenty, we now apply
the developed model 10 desermine whether the published studies

‘on s0il ingestion were actunily able © desect the 30il ingestion

levels they published and at what level of precision. Since only
the Calabrese ez ai. (1989) and Davis et al. (1990) studies
performed mass-balance studies on their subjects. they are the
only studies that can be direcdy re-assessed by the modci.
Tabie 4 provides an application of the model 10 both studies. [t
indicates the level of precision with which various soil estimates
could be made for each wacer.

The data indicue that considerable inier-tracer variability
exists with respect w the degree of racer precision at various
soil ingestion levels. Table 4 repeats the medias values given in
the Calsbrese ¢t ol. and Davies et ol. studies. The dawa for



Table 3 Comparison of meaian dady fecai outpui ana food intake iracer vaiues of 64 chiiaren in the

Calabrese et al. study.

Estimated’ Med::n Median
Median daily’ Median daily®  Ratios of toothpaste summazon of  difference
fecal output food ingested  columns 1:2 daily total columns 2:4  columns |-:
Element Column 1 Column 2 Column 3 Column 4 Column $§ Column o
Al (mg) 28 1.21 231 0S5 1.7 +1.09
Si(mg) 24.6 14.2 .73 243 385 - 139
Ti (mg) 0.58 020 290 0.01 0.21 +0.37
Ba (ug) 199 24 0.888 NA 224 -25.0
Mn (ug) 975 1,288 0.757 NA 1,288 -313.0
VvV ) 126 53 2.38 NA 5.3 +73
Y (ug) 1.12 1.1 1.2 NA 1.1 0.02
Zr (ug) 5.7 25 228 NA 25 +32

3 Calabrese et al., 1989, Table 7. Chapter 30. p.375.
® Calabrese et al., 1989, Table 10, Chapter 30, p.377.

NA = not available.

1 brushing every other day.

Table 4 Approximase 95% confidence interval estimates for soil ingestion (mg dny" ) in children based on percem -

variance estimates and foodisoil elemens concemrations.

95% CI 1 2

Using median of  Using median of  Using median of

mean median mean median mean median
Swdy (A) Element a Median food food food food food food Mean
Calabrese Al 128 29 (1642) (1840) 45 k1 107 n 153
Calabrese  Si 128 40 (1763) (1961)9 57 52 219 191 154
Calabeese Ti 128 35 (2585) (4367 55 y 284 64 218
Calabrese V 128 96 (50,142) (49,143) 48 49 400 418 4%
Calabrese Y 128 9 022) (©21) 145 134 23 199 85
Calabrese Zr 128 16 824) 13,19y 47 20 65 16 21
Calabrese Al 64 29 (1147 (1444) 63 52 188 136 153
Calabrese  Si 64 40 (872 (10,700 80 14 385 336 154
Calabrese Ti o4 55 (1298) (3872) ™7 3 500 113 218
Calabrese V 64 96 (31,161) (29.163) 68 70 703 735 4359
Calsbrese Y 64 9 ©02n ©26 208 189 40t 350 85
Calgbrese Zr 64 16 (527 (1121 67 p 114 28 21
Davis Al 101 25 037 NA 125 NA 501 NA 40
Davis Si 101 9 (21.98) NA 63 NA 407 NA 82
Davis mn 101 81 (22,139) NA (7 NA 652 NA 46

Y
SPE T
R S)he

BYLEL W
i w»
038
1GB.jva.
Q4 3
toad ldy
Y W]
(23147
04eh

0L
(34130
163,428)

1° Variation in percent recovery of soil wacers a the median value for soil ingestion. This column should be read as follows.
the case of Al for the Calabrese e a/. study assuming 29 mg of soil were ingesied based on Al as the tracer, the chemxal

analytical procedures were able o recovery l(X)%tdﬁ(Mgzsa
2" Median amount of soil ingestion (mg day™ )mquuedwhnveapemmgemoflm*m(wm“ 2 SEN.

NA = not available

Calabrese ¢f al. are provided when the unit of analysis is the
total number of subjects (n = 64) or thc numbcr of subject
weeks (n = 128). Sutistical analyscs reporied in the model
development paper have indicated that subject cffccts were
minimal or abserd in these data, so that each wecekly unit of

WMNMumWW

This implies that using 2 = 128 is the best esumate of
relevant sample size. However, for completcness and
recognition of possibic allermate inerpretausons we ha
|mludeddmamalysisiflhcmitoflnlysis were the subj
(i.e. n = 64),

Based on the 0il leeovuy variance mode! in Suanek ;
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camparison of the median values and thair 95% confidence interval estimatas

Figure 1 Distribution of median soil ingestion estimdted in the Calabrese et al. and Davis et al. studses

Calabrese (1991), lower and upper 95% confidence interval
estimates of the median and mean were caiculated, Columa 1*
provides an estimate of the vanation in percent recovery of 30il
ingested tracers a the median value for soil ingestion. Column
2* provides the median value of soil ingestion by tracer required
to be ingested in the Calabrese et al. and Davis et al. studies in
order 10 achieve a iracer recovery with a 95% confidence
interval of 100% + 20%, a number selected becsuse it

represents a marginally accepiable recovery value. It is

caiculated using equation 3 of Stanek and Calabrese (1991).
The key issues surround inserpretation of this table.
Different interpretations may result, depending upon whether
the resuits are approached from a biostatistical and amalytical
chemical framework. While these interpretations should not be
in conflict with each other, they perceive the data from distincely
different paradigms and both need to be understood and
considered. Each is worthy of separaie considerstion.

Statistical Interpretationa

We first discuss how this table would be interpreted within 8
bioswatistical framework. As an exampic, consider iterpretation
of the confidence interval (or the median value of Ti from the
Davis et al. study. The median 30il ingestion estimase for this
sample of 101 subjects was 81 mg day™". If the true median soil

ingestion for this popuistion was 81 mg day™'. wee ¢ 2e
population were re-sampied 100 times (say on differest sweas
or with different subjects) then we could expect 94 of @ 0
median soil ingestion estimates (0 fall between 22 me |9
mg day~'. The brosd range of the Cl indicates low confugence
in the median of 81. Clearly, it is most desirabie 10 focus o= 2
tracer than had a median value with a narrow comfidence
interval. The narrowest Cl for median soil ingestion s from Zr
in the Calabrese ¢t al. study, where the median is 16 ad the
95% confidence interval is 8-24 mg day~l.

From a sutistical perspective those tracer clements with |
the smallest confidence interval estimates (expressed as 2
percent of the estimaswed median) are considered supsnor ©
those with larger confidence inservals. This critesia selects Al
Si, Ti. V. and Zr of the Calabrese et al. study and Si. and Ti of
the Davis et al. study as tracers with the lowest 95% confidence
interval.

These five tacer clements produce median csumaes of
s0il ingestion in two populations. These estimates range {rom
16-96 mg day~!. One would hope that their diswribution wouid
have a suong degree of overlap since this would suppont the
assumption of inter-tracer rcliability. Figure 1 illustrates that
considerable overiap exists for Al, Si, Ti, and Zr. However, there
is no over lap between Y and T, Zr and Ti, and V and Y. This
lack of inter-tracer reliability is toublesomé since they are



descnibing the same populauon. Nonetheless, the range of
median values covered by confidence intervals for the five
tracers with the smallest relative variance is from 0 to 142
mg day™~'.

Analytical Chemistry Interpretation

The issue of recoverability of ingested soil via the tracer
clements is crucial (o the estimation of soil ingestion rates. It
has been established in the Calabrese e al. (1989) adult soil
ingestion swdy that high variability in the recovery swudy was
associated with high food-to-soil ratios, and that this
observation became an integral component of the predictive
equation for estimating the conlidcace interval for soil
ingestion.

As with the statistical framework, consider the Davis er al.
study again and the Ti tracer element from an analytic
perspective. Table 4 indicates that at the median ingestion rate
of 81 mg day™! an estimated 95% C1 for percent recovery based
on Ti would be 100% = 72%. This- type of performance in
recovery studies would gencrally be considered highly
unreliable and not acceptabie. In order to achieve a marginally
acceptable value of 100% recovery + 20%, the amount of soil
ingestion wouid have to be 652 mg day"!. Thus, from a
chemist’s perspective the median value of 81 mg day™! for Ti
in the Davis 1 ai. study couid not have been reliably recovered.
This is also true for Al in the Davis ez al. study which also had
a large variance in percent recovery.

The recovery value for Si in the Davis et al. (1990) study
is 100% *+ 65%. However, when adjusunemt is made for the
ingestion of silicon in toothpaste which was atributed to the
fecal sample (as soil ingestion) and not counted as food, not
oaly does the estimated amount of soil ingestion decrease by
45% from 59 mg day~! to 37 mg day~' but the precision in the
recovery of silicon would become markedly less because of
higher food t0 soil ratios. If the three tracers used by Davis et
al. were 10 achieve 3 recovery of 100% + 20% (a marginally
accepiable standard for recovery in mass-balance studies, with
20% representing 2 SD) the median level would have had 1o be
$01 g of soil ingested based on Al, 407 mg of soil based on Si
(the uncorrected value) and 652 mg of soil based on Ti. In effect
one could view this as esuablishing a level of soil ingestion
detection for tracer clements in the study. The view of the
analytical chemist would be that the values of 25 (Al), $9 (Si).
and 81 (TT) mg day~' that Davis er al. estimated for soil
ingestion coukd not be reliably seen and were considerably
below the minimum level of detection for soil ingestion in the
suudy.

The analysis of the Calabrese et al. (1989) data examined
two differe methodological approaches for the derivation of &
s0il ingestion detection level. One wus based on analysis of food
tracer ingestion values that were esumaicd as the median of 64
childrea. Within this context. cach individual child’s average
tracer ingestion value represenicd the mean of their six daily
values ((hree per week for two weeks). Thus, the summated
value represented 3 median of the mcan value. The second
approach again represented a median value of the 64 children.
However, in this case, each individual child's value represcnicd
the median of their six daily values. Thus, the summascd value
represenied the median of the median. The sciection of which
approach 40 use is critical since for some tracers such as Ti and

Zr the esumated sou ingesuon detecuon vaiues aiferby 3
of four or more (Table 4, compare the two columns unde
For the other tracers the differences between the two apprgy
are relauvely munor. The lack of agreement amongst th
approacnes for Ti and Zr are the result of a more log a
distribution of tracer ingestion for these two trace
individual subjects. Since our intent is o uulize the
measure of centrai tendency of the study populauon. the
of the median was selected. Nevertheless, the results o
approaches are provided. Table 4 reveals that Zr and 1
ingesuon estimates of 16 and S5 mg day~! were seen
precision of 100% + 20% and. 100% * 22%, respectivet:
third best tracer, Al, with a median soil ingesuon value
mg day~! was seen with a precision of 100% * 37%. T«
achieved a 100% £ 20% recovery value for Al the &
would have needed 10 ingest 77 mg day™! of soil (i.e. i
accepmble soil ingestion detection) using the median
median approach. :

As noted abave, using the median of the mean apj
would have a profound impact on the detection of soil ing
for Zr and Ti (i.e. decreasing sensitivity by greater than <
while having only a modest (~30%) impact with Al. ¢
modificauon in statistical methodology can lead 1o enc
changes in the conclusicns of a study. However. regard
which approsch is selecicd, Zr was the most reliable trace
2 soil ingestion detection value of 16 mg day™' (median
median method) versus 65 mg day~! (median of the mex

It is useful to directly compare the minimum le
detection valyes for exch tracer based on different ¢
recovery levels. For example, if the recovery value:
increased from 100% £ 20 % to 100% + 40% the soil de
limit would become more sensitive (i.e. decrease) by a fa
abous 3.1. That is, the 65 mg day™! (median of the mean
for Zr in the Calabrese es al. (1989) study value wouild de
0 21 mg day~'. On the other hand, if the recovery
selected was 100% £ 10% the detection vaive based
would jump to 202 mg day™'.

The resuits of this analysis need to be placed ina t
perspective. It was initally thought that since the:
considerable imerstudy agreement concemning soil ing
values amongst children that this saongly suggesied tha
should be a high degree of confidence in the overall g
findings. However, the present analysis has challenged n«
the methodological basis of the Binder et al. (1987) ar
Wijnen er al. (1990) reports, it argues that reported val
soil ingestion of Davis ef al. (1990) were far below the
of detection and that this was also the case for six of th
tracers in the original Calabrese et ail. (1989) report. T
present analysis has called into question 3 considerable
of the soil ingestion data base that has been widely u
regulaiory/risk assessment professionals. Despite this ot
erosion of the quantitative data base, the presem study of
the first time the means w0 assess the 30il detecuon cy
of such studies with a specific degree of precision. Tt
betieve that the present analysis provides for 3 me
assessing not oaly the soil imgestion detection capabii
also the degree of confidence in that value. Within this -
it is important 1o point out that the 30il ingestion value:
and Ti in the Calabrese et al. (1989) of 16 and 55 mg
respectively, wore able 10 be detected at approxi
100% £ 20% and thus achieved acceptable norms.




W Calabrese s I . - =<*

RS General Conclusions

2R e i

- s mch
£ ingestion.

7 Further studies are needed 1o validate the methods 10 the
-extent possible in the population being tested.

Adult validation studies may not yield accurale
= i deerminations of what is an ideal racer in children studies
_. ; “pmﬂmmmt‘mdmukewmwme.

e ¥(4) A low food-to-soil tracer ingestion ratio predictive method
gi;  is a useful tool for estimating the soil ingestion detection
- 3% limits of specific studies.

9 _(5) Further studies of soil ingestion are warranied with
.. adequate power. design and tracer selection o quantify soil

tracer methodology incorporating a mass-balance
can be empioyed to reliably estimate soil

. wamanted 0 chamcterize the food/fcapsule tacer
relstionship.

(7) Inconsistencies between tracer results sull continue exm.

md warrani further investigation.

Specific Conclusions

Z. (1) The estimates of soil ingestion by Binder er al. and
Clausing/Van Wijnen et al. are of unknown reliability and
camnot be accepted because of methodological limitations.
Qualitative evidence of soil ingestion is provided by the
Calabrese e1 al. (1989) and Davis e al. (1990) study.

(3) Selection of ideal tracers for children based on the adult
validation study proved problematical since the
food-to-soil tracer ingestion ratios varied markedly for
some tracers (e.g. Ti). This accounted for the poor
recovery of Ti in the adult study and the improved
precision for Ti recovery in the children suudy.

: (4) The original median estimates of soil ingestion by children

o in the Calabrese ez al. (1989) study and Davis e1 al. study

need 10 be interpreted within the context of the soil

ingestion detection level of the study. Within this context
the median soil ingestion values based on Al, Si and Ti of

g"

o . Davis et al. (1990) were below an acceptable estimated
e - level of detecuon for soil ingestion. Of the eight
" tracer-based soil ingestion estimates of Calabrese et al.
di - (1989) Zr, Ti and possibly Al were detecied with an
dy ¢ sccepuable estimated precision of recovery and thus
w provided a relisble quantitative cstimate of median soil
. mmuummhua\.v:hmdﬁ(m.
g ”(So.andﬂm)mgday that Davis et al. estimated
v .;' could not be reliably secn and were considerably below the
g level of dewction for soil ingestion in that smudy. Of the
b ecight tracer-based soil ingestion estimates provided by

Calabrese er ai. (1989) Zr and Ti and possibly Al were
desecied with an acceptable precision of recovery and thus
provide a reliable quantitative estimaie of soil ingestion in
the studied population.

(5) Publishcd soil ingesuon estimatcs for adults by Calabrese er
al. (1990) were beclow the soil ingestion detection

capabulity based on the application of the modei presented
here. The minimum detecuon levels of soil ingesuon for
adults n Lha: study were 224 mg day” { based on Zr. and
374 mg day™' based on Al. The data from the aduit study
needs to be inwerpreted in this light (see Stanek and
Calabrese, 1991).
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Methodological Considerations in Soil Ingestion

Estimation
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Abstract

Methodological considerations play an important role in forming population estimates of soil ingestion in chiigren. Two
imponant areas of controversy are the hypothesized log-normal distribution of ingasted soil and the idennficagon ang
appropriateness of methods for handling outliers. Each of these issues is discussed in the context of data cosecred on
soil ingestion in Amherst, Massachusetts. Non-parametnc methods are recommended as most suitable ang appropnate

for analysis of soil ingestion studies.

Introduction

‘ Estimates of casual soil ingestion in a free living population

have important regulatory, public heaith, and fiscal
significance. Due w their anticipated higher risk, most soil
ingestion estimates have been madc among young children.
Since soil ingesuon estumates for children are skewed o the
right and some estimates may be exceptionally large, different
methodological approaches may be adopted to summarize soil

One common sssumption is that soil ingestion is
log-normalily distributed. If this assumption is valid, the
logarithm of soil ingestion is normally distributed. This implies
thac

(1) The mean and median of the log-normal disuibution will be

4*.

1

[

the same.

(2). Confidence intesvais conswucted for the log-normal
- distribution can be exponentisted o0 generate confidence
intervals on the namral scale.

(3) Hypotheses can be tested in the usual way using appropriate

{son disuribets

A second issus reimss 1o how 1 handle exceptionaily large
or unusual so0il ingestion estimaes. Some investigaiors exclude
such estimaies when summarizing 30il ingestion, while others
argue that ail data shouid be included.

The puspose of this paper is (0 review the evidence (or the
log-normal distribution of soil ingestion, and discuss the
implications of exccptionally large values using daw from a
large scale soil ingestion study on pre-school children. In so

" doing, some technical issues relcvant 10 the mass-balance

approach for estimating soil ingestion will be discussed. This
note was prompted by & reviewer's comments suggesting
adoption of altemnative methodological approaches when

- analyzing soil ingestion data. Since the issues raised by the

reviewer may be concemns shared by others, wct‘eludnscumon
ofdmemwmndmmmmm

* Cpecic! isrup (mrnrmarnting ths Pencopnians =500 T onn e

Materials

To evaluate the appropriateness of various appresches 0
summarize soil ingestion data, we use data from a Lesvereey -
of Massachuseus study on 64 pre-school children :omta wd
over a two-week period in 1986 (Calabrese er & 1989\
Briefly, children recruited from day-care centers were fotiowed
for two weeks, with duplicate food samples and fecas ant erme
collected from each child during this period. Esgs wace
elements (Al, Ba, Mn, Si, Ti. V, Y, and Zr) were menmwed 10
the input (food) and output (fecal sampies and urine). and @ the
surrounding soil and household dust. A mass balance equanon
was used (0 estimate soil ingestion for each child in each week.
Further details on the study design and resuits are given
elsewhere (Calabrese er al., 1989). We use these data 0
examine the appropriateness of various methodological
approaches in so0il ingestion analysis.

Results

The results of the UMass soil ingestion smdy clearly indicate
that soil ingestion is skewed t0 the right and not normaily
distributed (Calabrese ¢z al., 1989). In the hope of making the
soil ingestion distribution more normal, some iAVESHGAOrs may
use a log (base ¢) transformation. There are two potential
problems with the log transformation. First, due to food
inpuufecal-ntine output variability, some soil ingestion
estimaics are negative, and can not directly be used in 2 log
wransformation. The second problem is that the log (soil
ingestion) may not be noamaily distributed.

A simple solution (0 the first problem is to add a constant
wmesoclmgmm(makmgupwuve) then wake the
logarithm, form an average, cxponentiate the result, and
subsequently subtract the constant. To evalusie how this
proposed solution might affect soil ingestion csumates, we



Tabie 1 Estimates of soul ingeston (mg day" ) (number of subjects) based on the exponennaied geomernic mean.

after adding and later subtracing a conswani.

Consant Element

added Al Ba Mn Si Ti Vv Y Zr
: 29(64) -36(64) 261 (64) 40 (64) 55 (64) 96 (64) 9 (64) 16 (64)
0 37(55) 140(28) 384(18) 53 (49) 93(45) 132(56) 31(37 28 (41)
10 mg I6(59) 108(31) 202(19) 54(53) 11747 148(5ST) 28 (4)) 20 (48)

100 mg 42 (64) 50 (40) 191(23) S4(64) 129(53) 192(58) 6(60) 14 (60)
1g 78 (64) -20(63) -203(52) 94 (64) 117(62) 278(62) 34 (61) 3(62)
10g 128(64) -9(64) 364 (64) 136(64) 164 (64) 417(62) 57 (62) 19 (62)

* Simpie median including negative soil ingestion estimates.

considered addition of several constants and evaluated their
effect on the mean soil ingestion. The resulls are given in
Table 1 for the eight elements.

The results clearly suggest that this srategy of adding a
consiant prior to aking the loganthm does increase the number
of subjects whose estimates of soil ingestion are positive, and
can be included jn the analysis. Two observations can be made
of the effect of addition of a constant from Table 1. First, only
addition of a large constant (1 g day™') will easure ail subjects
we included in the analysis. Second, addition of the constant
will produce biased estimates, with the direction of the bias
depending on the element. The direction of the bias can best be
judged by patterns in estimates with increasing constants. and
comparison with an unbiased estimate (given by the median in
the first row of Table 1). Additionr of larger constants appears
w0 have a-positive biasing effecs for Al, Si, T4, and V, and 2
‘negative biasing effect for Ba and Mn. The strategy of addition
of 3 positivé constant 10 avoil negative estimases may be a
wmmmammamm.mm
an advisable one. :

Mﬂmwmmnmmmmm
may beconsidered by some investigators. Thig second approach
uses a lower bound for soil ingestion (suth as 0.} mg day™')
and smalyzes the dsta ag if whey wern cengdded. However, use
ofmmmmmummwmm
estimates are log-normaily disgributed, since 3 distributional
assumption is reguired (0 assgss the degree of censoring. An
examination of thil-agsemption below indicases iow confidence
in the log-nofmal assemption. As a result, there appears no’
mhMbedmvemwhenm
a log-normat distribution.

The second problem with the uuamion that soil
ingestion estimates are log-normal is that the estimates may not
follow that distribution. Because soil ingestion estimates are
skewed to the right, some invesiigators may assume that
log (soil ingestion) is normally diswributed. Shapiro Wilks wsts
for normality werc performed for estimaes of log (soil
ingestion), based on adding a varicty of constants. The results
arc summarized in Table 2.

The results indicate that soil ingestion may be
log-normally distributcd {or some clements, and hot for others,
Although it is possible for estimates of soil ingestion based on
different tracers to follow differcmt diswfibutions, vue soil
mmmm:mgbdmmmmmﬂmmﬂurc

Table 2 p-Values for a test of normality (Shapiro-Wilks :e:::
Jfor s0il ingestion estimates afier adding a constani and then
taking the logarithm by elemens and consiane.

Constant added w soil estimate

(g day™)

Element 0.010 0.100 1.0 100
Al 0.0069 0.0001 0.0001 0 0001
Ba 0.0182 0.0022 0.0001 0 0001
Mn 1 0.0732 NS 0.0050 000t
Si NS 0.0001 0.0001 00001
Ti NS 0.0023 0.0001 00l
v NS 0.0002 0.0001 0 000!
Y 0.0001. 0.000t 0.0001 0.0001
Zr 0.1790 0.000t 0.0001 0.0001
NS = not significant p-value > 025

different cioments draws im0 question the assumpuon that sosl

" ingsesion is 2 log-sormal process. Clearly, adding consianes 10

s0i} ingestion estimates prior to taking the logarithm
exasperated the lack of normality.

Another area of conuoversy in analysis of 30il ingestion
data is the handling of exceptionally iarge or unusual values. A
general data analysis principie designed to maintain the
imegrity of the smdy requires that all soil ingestion estimates
should be retained in an analysis uniess there is substantiai
reasos to doubt their validity. In the UMass study, both
exceptonally large values, and unususl values occusred.

There were four instances where 30il ingestion estimates
were unusual for 2 subject for a given element. [dentification of
these unusual estimaies was based on a2 comparnison of the
estimates with other estimates for the element for the sampie of
subjects using methods for identifying outliers. Although four
measures were so identified as outliers, whether they were
simply unusual valucs, or invalid values is an issuc. Since soii
ingestion estimaics were made for thesc subjects using scven
other uacer clements, and in each case, there was no evidence
of unusually large (or small) soil ingestion estimates, the
unusual values in question were judged 10 be invalid. It is likely



Table 3 Log (soul ingesaon + .1 mg da,v'l ) estumates for the five lowest children and the five aughest chuldren in = 04,

Lowest Highest .
Element 1 2 3 4 60 61 62 63 64
Al -3.7 =29 -2.9 -2.6 =25 -1.3 -1.1 -1.0 0.8 1.9
Si -3.1 -3.0 -2.7 -2.6 -2.6 -1.1 -1.0 09 0.4 1.7
Ti -39 =36 2.5 -2.5 -2.4 0.1 04 0.7 1.5 1.9
v -54 -2.3 =23 -2.3 -22 0.6 0.7 1.0 1.6 1.8
Y 4.9 -4.1 -3.8 -3.3 -3.1 -1.6 -1.6 -1.5 -1.5 1.9
Z -3.6 -3.5 -34 -3.0 -2.7 -1.6 -1.6 -14 -1.4 04

that some measurement efror was made in estimating the tracer
for these subjects, although it was not passible 0 identify the
source of the error.

One exceptionally large value was reported consistently
for all tracers for a child who consumed on the order of 5~7
g day™!, while estimate of median soil ingestion in the sample
of 64 children was in the range of 0.01-0.1 g day™!. Thus, this
child had between one and two orders of magniaude higher soil
ingestion. It is instructive 10 look at the five lowest and five
highest log (soil ingestion) estimates. afier adding 100mg w
each 10 remove some negative values. The resuils are given in
Table 3 for several elements.

For all elements except Ti and V., the 64th subject (the pica
subject) appears as an outlier on the distribution of soil
ingestion. Since this individual is so difTerent from all the others
observed in the study, any parametric analysis of soil ingestion
data will be sensitive 10 this value. For this reason, many
summaries of soil ingestion have this subject excluded.
Nevertheless, since the behaviour of this subject is of special
interest, complete details on soil ingestion results are preseated
separately (Calabrese et al., 1991). We feel that the approach of
identifying and describing true outlier values in detail, but
summarizing the major sampie data scparately permits clearer
undersanding of soil ingesuon.

Conclusions

Although much of the discussion in this paper has dwelt on the
inappropriateness of many techniques for analysis of soil

ingestion data, there are methodological approaches that are
sound and feasible. The basic approach we recommend is
non-parametric, where inference is not based on some assumed
theoretical sampling distribution, but is based rather on
arguments for inference built directly from selecting a sampie.
The median and percentiles as population characiensucs are
emphasized, for reasons summarized elsewhere (Stanek er al.,
1990). Test statistics and p-values can be motivaied directly
from sampling based arguments, and require makiung the
assumption simpiy that subjects in each group were seleced via
simple random sampling. The swengths of the analysis approach
are seif evident, since limited assumptions are requwed. The
analysis approach will not be sensitive 10 outliers or exyeme
values, since rank transformazions have been used. Whea nch
methods are used. the resulting summary will be clesrer and——
more robust.
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Determination of Human Exposure to Lead and
Cadmium: A WHO/UNEP Pilot Study

Marika Berglund, Marie Vahter' and Stuart Slorach?
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Abstract

In Stockhoim, methods for measuring exposure fo iead and cacmsum from air, food and beverages were studied in
1988 in a group of 15 non-smoking women, as par of the WHO/UNEP HEAL programme. Airbome particles in the
breathing zone air (24-hour samples), Cupiicate diats (24-hour samples), and faeces (all the stools procduced) were
coflected during 7 consecutive days. 8/ood was sampied before and immediately after the study penod. The resufs
confirmed the need for personal monitoning in the assessment of human exposure 10 lead and caomium via air ang
food. There is need for suitable equipment for 24-hour personal air monitoring. On average. a/erary lead (26 ug cay™ ',
S0 7.9) contnbuted more than 80% of the total lead uptake; while gigtary cadmium (8.5 1g day™', SD 2.1) contntutea
about-99% of the iotal cacrmum uptaxe. Occasionally consumed foodstulfs wilh high levels of lead or cacmum seemed
to be responsidie lor & lage part of the 1otal weekly intake of.iead ana cadmium. Feeel lead and cadmiym were tound
1o be usertul indicators of the lotal amoyiits. of Uase metals ingested. Due lo ihé large day-to-day vanation observed m
wd«xymwwwm memm shouid be at taasts—saays
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Eaviroament Programme (UNEP) ars qnotdiuﬁng o
mewm the t

emnuam

cadeinm. inciuding meshads for quality assuranies A-repar of .
the iniernationsl stdfiey has Tecamtly osn. published (Vahter
and Slorach, 1990Y:-189 premnt répon briefly describes the
methods used in Umolhunuamwhd
and cadinium. The $¥ilangion is besed maialy on the exposure
Mywmdouu!nﬁ(kud.. 1991).

Materials and Methods =

Samples of sirbome particles, duplicaze diets, fheces and blood
wmcMmadeSm-Mmgmm%
years of age, in Stockholm in Fcbruary-March 1988.
Questioanaires conceming personal data were completcd by
each woman. All conuiners and other equipment used for
sampling, storage and sample preparation were checked 1o
ensure that they did not release icad or cxdmijom. = -

- Total suspended particles in the breathing zoae of each
subject were sampicd during 7 consccutive 24-hour periods

mwﬁﬁm The subjects did not have ©

meulqu fof momonn‘t ptnoaxl e;-&lﬁ‘and’ |

-y oam ok Bl

* Special itsue in~orporating the Prarepdinse ~f the Commneis,

- A»,__

using row-vohnepqmmlw samplers (Casella T 13350), wun
aMdeLm . and 37 mm membrane filiers win,
Oﬁsm;mem .

To determine ingesteg load and cadmium, duplicates of all

_foods and everages, insiudiog drinking water, but not certain

madicines. or chewing Jamx; were coliecied as 24-hour sampies
- during hé 7. comsicutive-days. Daily food records were

meuwafmdﬂmme

nﬂ&m

mwhm‘ﬂhwmgmsh foods
(Slorach and Jarhem, 1982), and the approximate volume of
beverages were recocded. The women had daily meeungs with
the study supervisor. Asy change in food consumpuon habits
dus © sampling procedures Or any foods ingesied, but not

" duplicated, were noted i & §ood record follow-up questionnaire
' uadny-lo&yusa.

All faeces corresponding t0 the food and beverages
ingeswed during the 7 days were collected. In order to indicate
the faeces 10 be collected, 2 colored marker (carmine red) was
ingesicd at the beginming and at the end of the duplicaie diet
collection-period. The first colored swool, representing the first
duplicate diet coliccted, was collecied. The second colored

- sool, representing food and beverages ingesicd after the-

duplicate diet collection period, was not included.
Blood (10 mL venous blood) was collected at the

beginning of and immediately afier the swdy penod of 7 days,

for evaluation of the weal exposure 1o lead and cadmium.
Quality control (QC) sampies (both internai QC samples

cmg Pisrmems Tommees o002

arlakilie:

ct—
[Esums————
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»1th concentrauons of lead and cadmium Known W0 the analyst,
and external QC sampies with concentrauons not known o the
analyst) of all the media involved were anaiyzed together with
the monitonng samples. The preparauon of the QC sampies
isptked bovine blood. freeze-dried human faeces. spiked
membrane filters. nouse dust, and freeze-dned simulated human
diets) has been described by Lind er ai. (1988), and Jorhem and
Slorach (1988). The anaiyucal performance evaluaton involved
the analysis of sets of 6-12 QC samples and evaluauon of the
analytical results using linear regression analysis (Vahter and
Friberg, 1988). For acceptance, the regression line of the
reported versus the reference values had w fall inside a given
interval. The ranges of concentratons of lead and cadmium in
the QC samples were chosen 10 cover the ranges of
concentragons expected 10 be found in the monitoring samples
collected in the vanous participatng countries. The anaiyticai
procedures have been described elsewhere (Vahter and Slorach,
1990).

Results and Discussion

The results of the quality conmol analyses carried out together
with the analyses of the monitoring samples were in good
agreement with the reference valucs. However, some of the
monitoring samples conuained less Icad and cadmium than
expected and the lowest concentrations were not always
covered by the range of QC sampies (Vahter et al., 1991).

The concentrations of lead in blood of the |5 women
ranged from 15 w0 44 ug Pb L-! (median 28, mean 29, SD 8.3).
The concentrations of cadmium in biood ranged from 0.1 10 0.8
ug Cd L' (median 0.3, mean 0.3, SD 0.16).

The main sampling problems were associated with the
personal 24-hour monitoring of airbome lead and cadmium.
Since the commercially available personal air monitors are
designed for occupational exposure monitoring of 8-hour
periods it was necessary o recharge the batteries every 6-8
hour. When the subject was not mcwing, the pump was
connected w the mains. Furthermore. the pumps were notsy. It
was concluded that there is a need 1o develop better equipment
for 24-hour personal air sampling.

The concentrauons of lead and cadmium in breathing zone
air were very low during the siudy week, probably panly
because the women spent about 90% of their time indoors. The
weekly average concentrations of lead in breathing zone air
ranged from 42 to 94 ng m~} (mean 64, SD 14), The
concentrations of cadmium ranged from 0.5 © 1.1 ng m~
(mean 0.8, SD 0.16). On average. airborne cadmium
contnbuted about 1% to the wowal uptake of cadmium, while
airborne lead contributed about 15% 10 the 10tal uptake of lead.
In a full-scale swdy, on a representative sample of the general
population in Stockhoim, it would not be essential to carry out
personal air monitoring of cadmium. Personal monitoring of
cxoosure to airbomne lead might be usclul in arcas with heavy
tralfic during scasons when peopic spend more ime ouwdoors.

A wtal of 105 daily duplicawc dicis were collecied. The
content of lead and cadmium ranged from 4.4 10 130 ug Pb per
dict and 1.8 t0 56 ug Cd per dict. The average daily dietary
intake of lcad during the 7 day period for the, 15 subjects was
26 ug (SD 7.9, range 13-40). The corresponding cadmium
intake was 8.5 ug (SD 2.1, range 5.7-14). On average, dicary
lead contributed more than 80% of the wtal lead upuake, while

intake w——— &

Pb
y
Dally fecal elimination @ - - -

Dail

Days

Figure 1 Example of diy-td-day varialions ia ager:
and faecal eliminaiion of lead by one subject saraq =
week.

dietary cadmium contril:uied about 99% of @8 exs »
uptake.

There were large day-to-day variauoms o o
intakes of lead and cadinium. One daily det .omss .o
more than 50% of the wral weekly intake of @as ¢ o
This indicates that cenz'n occasionally conmesws e
responsible for a large part of the 0l dietary eaanen
metals. Evaluation of he food records measte « ses
associate some of the ob:erved high levels of eas o e
in the 24-hour duplicate diets with centain fooma. w» o
lead in canned food and ~ine, and cadmium = we s
et al., 1990).

The large day-w-day variations in the desury ema
lead and cadmium has to be considered whem .home
method for measwring dictary intake. The dupixaae Jws »
is probably more suitablc for measuring dictary meates «
and cadmium than methads based on the analyms of e
foods combined with food consumption dam. Howe-
should be noted that the food intake may decresse, snd ¢
food consumption patiem may change due to the duphcx
sampling. In the Swedish study group there was a0 wds
of markedly decreased food intake due 0 the duphcs
sampling. The daily intakes of foods and beverages
307477 g dry weight) did not indicate a low food 1
According 10 the food record follow-up questomnasre
women had collected essentially everything ingesicd. an
minor changes in dietary habits were noied, for instance
half an appie instead of a whole one because the ~ubjcc
had one apple and haif of it had t© be put in the dupixat
container.

The targe day-to-day variations in dictary inake h:
be considered also when deciding on the number of day
persons (o be studied. [n order o evaluate the number of
days required for reliable estimaies of dictary intake
average daily intakes of lead and cadmium were calculau
2,3, 4,5 and 6 days of sampling for each person. and n
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E“':me 7-day average. With J days of sampiing the average daily
Lrhmke of lead and cadmium was about %0% of the 7-day
- gverage. indicadng a reasonably good estimate on a group basis.
ver, the vanauon between individuals was large (range
; 3&23.149% for iead. and 48-112% for cadmium). With 6 days of
ssampling the variation decreased for both lead (range
e §4~115%), and cadmium (range 89-112%). Thus, it was
: mwummdaysmmqunedmobmmblygood
.;,;amaes on an individual levei (Vahter ef al., 1991). Longer
pawofdup(mdmcouecmnmaymﬂm:hefood

s consumption patiern.

All the women in the Swedish study group reported
= complete facces coilection. The faccai elimination of lead and
= cadmium was calculated from the towal amounts of lead and
 cadmium eliminated during the sampling period. and compared

s wich the metal contents of the duplicate diets collected during
mithe 7 days. The total faecal elimination, expressed as a
. e of the dictary intake, was 104% (range 72-158%)
"' for lead and 113% (range 74-148%) for cadmium. It can be
mnmeddmonlyammorpm(msmofmeladm
cadmium in facces originated from the faecal excretion of
" endogenous lead and cadmium (Chamberiain, 1985: Elinder.
1985:; Nordberg et al., 1985). A reason for high recaveries-may
be that the faeces collected did not correspond exactly 0 the
food collected. Some of the first calored faeces sampies
collected contained 2-9 times as much lead or cadmium as the
corresponding duplicate diet (Figure 1). Sincs the duplicase diet
dhma:ﬂu}pm.uwmhmdnmmm
m:umamdmm«mmmm
day or the day before may have influenced the (irst colored
{aeces samples.

mmmwmmumm

mmmfmmdhbyz-Qm
wese excluded, the average faccal elimination of lead, sdjussed
for excretion of endogenous lead; was 85% (range 59-121%)
of the dietary content, which is consistent with-the reported
10-20% average gastromssstinal absorption of iead in adults
(Chamberiain, 1985: Rosen, 198S; Tsuchiys. 1986). The
corresponding ﬁm for cadminm 'was 97% (range. 66-144%),
whick. is cansigiene widh tm 5% svernage m
'mdMMMuﬁlmmm ~
-shee the u,mumwmaww
cadmium in some wormn.exceedsd the amounts found in the
duplicate diets. indieauing incompless duplicaie dies collection
or other sowrces of B and cadmium besides the diet. It could-
be estimased from the air filter samples that the contribution 10
the lungs and swallowed, was negligible (Valeer e al.. 1991).
Odmmdmbd.mhnmwm.
were not investigated in the Swedish study., -

Faecal lead and cadmium may be used as indicators of the
total amounts of these metals ingesied. Feces collection does
not influence the food intake or the food consumption paticmn.
It is considerably chcaper than the duplicate diet sechnique and
in many cases less inconvenient for the subjects invoived. The
first colored swols appeared between days | and 5, indicating
large variations in the gastrointestinal wransit time. The average
daily faecal climinauon of lcad (24 ug, SD 9.7, range among
subjecis 10~41 ug) and cadmium (8.9 ug, SO 2.0, range among
subjects 5.5-12 ug) was cakulaicd by dividing the towad faccal
metal coneat during days 3 1o 8 of the test period (for onc

subject days S w0 10) by 6. In order 10 evaluate the numper of
study days required for reliable esumates of faecal eiiminauon.
the average daily faecal eliminauon caiculated for 2. 3. 4 and §
days for each person were related to the 6-<day average. The
intenindividual vanauons decreased wih the number of davs
studied for both lead and cadmium. With 4 days of sampling a
reasonably good estimate on a group basis was achieved. e
average faecal elimination of lead was about 90% of the 6-dav
average, but the range was still wide (23-130%). With § davs
of sampling the faccal lead elimination in percent of the 6-4ay
mean ranged from 71 10 115%. The dam for cadmium were
similar. Thus, it was concluded that at least five davy were
required to obtain reasonably good estimates on an wndyvxauai
levei (Vahter er al., 1991).

Comclusions

The resuits confirm the need for personal monuoreg < A
assessment of human exposure (0 lead and cadmium v o and-
food. There is a nezd 10 develop beter equipment 1w 4 -cng
personat air sampling.

The duplicate diet collection period should " s cam ™
days in order W0 obtain reasonably good estmas~ ¢ .o
Mmmofwummmu-.a.m -
mamnmummamm -
wmmnumaﬂ -
wial infake of lead and cadiom. ., -

Onambun.faalwa\a imily -
for validaion of the duplicate diex cotliction n
lead and cadmium were found (0 be useful indRaun- + &~
amounts of these metals ingested. Due 1o the large 1as «: v
vagiations in dietary intake-of lead and cadmium. st -ewnes |
mmwmmmmmm
Mbeulestidays. ,
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= ethods for Assessment of Dietary Lead Exposure of

Abstract

' ',*méssnren! of dietary lead exposure of individuals begins with the determination of food and beverage intake by the
. individuals, and concludes with an evaluation of the lead content of the foods and beverages consumed. Of severai
, yp "tochniques available for assessment of dietary intake, the 24~hour food recall is recommended as the method of choice

‘f an.for assessing current dietary.lead intakes in inner-city populations. The three~aay food rgcord can be used among

!
g past

‘cooperative and motivated subjects, while the dietary history meathod is available for assessing long-term intakes in the
The unavaiiability of lead content vaiues of a large number of foods will to a large extent restnct the use of these

.~ methods in large-scale dietary lead exposure studies. Until the time that such data becomes available, the most accurate
» = ‘astimates of lead intake can be provided by chemical analysis of dupiicate samples of foods consumed, as is currently
" wdé sm dONG. However, this method is leasible only for smail sampies.
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Introduction

Assessment of dietary lead exposure of populations begins with
the determination of food and beverage intake, followed by an
evaluation of the lead content of the foods and beverages
consumed. This paper represcnts a detailed description of
methods used for dietary assessment of human populations. [t
begins with an overview of the dietary assessment process,
followed by a description of the dictary assessment techniques
and a discussion of their advantages and disadvantages with
particular reference to their application in minority populations.
It concludes with a description of additional data needs for

- assessment of dietary lead exposure.

Overview of Dietary Assessment

Dietary assessment is one of (our procedures used for
evaluaton of the numritional status of individuals. It can be
defined simply as the determination of the inuake or the
adequacy of intake of foods. food energy, nutrients or other
dietary constituents. The dietary assessment procedure involves
the collection of qualitative or quantitative data on foods and
beverages consumed during a certain ime period.

If qualitative data are collected, the data can be examined
10 determine if the diet is balanced (i.e. if all of the four [ood

* groups - the meat group, the milk group, the fruit and vegetable

group, and the grain group - are represented among the (oods
and beverages consumed). If quantitative data are collected, the
intakes of food energy, nutrients or other dictary constituents
can be calculated. The average daily inuke of food cnergy and
nutricnls can then be evaluated by comparison with the US
Recommended Daily Allowances (RDA) or with the Estimated
Safc and Adequaie Intakes for those nurients for which there
are no RDA (National Rescarch Council, 1986). Alternatively,
the numbcr of scrvings of foods consumed from cach of the four
food groups can be calculated and comparcd with the

recommended number of servings of foods that should be
consumed from each of he four food groups. For exampie, the
numbers of servings that should be consumed by adults from

the meat. milk. fruit and vegetable, and grain groups are 2. 2. 4 .

et et

and 4, respecuively.

Another method of evaluation of quantitative dietary data
is the calculation of the dietary score (Guthne and Scheer.
1981). The dietary score is an overall index of the quality of a
diet based on the four food groups.

Dietary Assessment Techniques

Four methods are used for dietary assessment of individuals.
These methods can be classified as either retrospecuve or
prospecuve (Pao, 1989).

Retrospecuve methods include: (1) the recall of past
actunl food intake, e.g. the 24-hour food recall; and (2) the
recall of past usual intake, i.e. the dietary history. '

Prospective methods include: (1) the food record or diet
diary of actual food intake; and (2) the weighed food inwake.

_ Recall of past actual food intake

In the recall of past acual food intake the subject, or caregiver
if the subject is a child. is asked to recall the kinds and amounts
of all foods and beverages consumed during some time period
in the immediate past. The most frequent time period used is 24
hours. in which case the method is called the “24-hour Food
Recail”.

Dctuiled descriptions of the foods and beverages
consumed (including brand names) and their preparation
methods are recorded (National Research Council, 1986).
Portion sizes may be esumated in houschold measures (cup (8
fluid ounccs), Lcaspoon or tablespoon); counts for those food
items that can be counted (e g. slices of bread, eggs or fruit) or
dimensions for thosc items that cannot be measured by either
of the methods described above (e.g. meal, cake or pe).

t Special issue incorporating the Proceedings of the Symposium on the Bioavailability and Diesary Exposure of Lead.
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conducted Mlun a reauvely short Ume - (S 0 10 munutes. so
that 1 can be conducied in one tnterview. There:cre, e mewtnod
1s relauvely inexpensive. Dietary pracuces are not usually
affected. and the respondent burden :s .ignt so that the response
rate ts usuaily high. Also, it can be used win iilierate or
semi-literate subjects. A major disadvantage s that accwacy s
dependent on the respondent’s memory. This can be 2 major
problem. Funther, one day's food intuke may not be representauve
of usual intake.” A source of error 1s poor estimates of poruon
sizes If quanutative dala are being collected.

Dietary history

[n the dietary history method. the respondent is asked by a
trained interviewer to recall the usual food intake during some
time in the near or diswant past. {t may include recall of a typical
day’s food and beverage intake during the specified time peniod
and/or a food frequency. The typical day tood recall is similar
to the 24-hour food recall cxcept that the focus is on food and
beverage consumpuon during the ‘typical’ day seiected by the
respondent. The respondent is exhorted not o select holidays
or ‘celebration’ days as typical days.

The food frequency consists of food and beverage items
or food groups. usually represenung the more commonly
consumed foods and beverages. Respondents are asked to
indicate which items were consumed and, if consumed. the
frequency of consumption of the item during the specified ume
period. Frequencies may be given in terms of number of days,
number of times or in terms of such measures as daily, weekly,
monthly, yearly or never. Quanufied food frequencies provide
informauon on the frequency of consumpton of regular poruon
sizes of the food and beverage iwems. Food (requencies may aiso
be used in combinaton with the 24-hour recall or with the food
record and weighed food intake methods. In this case, the time
period for the food frequency may be the past week. Food
frequencies are a favorite dietary assessment tool of
epidemiologists, as it quickly gives a picture of overall ood
intake (Pao. 1989).

The dietary history method was originally developed for
use in studies of the relationships between dict and physical
growth, clinical and biochemical measures of nutritional switus.
and disease states, all of which may be more reflective of
long-term dietary wnuake (Pao, 1989). Therefore, 2 major
advanage of the method is that it can be used 10 assess
long-term dietary intakes. The method can aiso be used w
provide information on food habits, changes in food habits over
lime, food preferences and seasonal varistions in food intake.

However, there are several disadvaniages. Respondent
burden is high because of the need to recall characteristics of
diets consumed some lime ago. Because of this, highly wained
and skilled interviewers are needed. thereby increasing the costs
of data collection. The method can be time-consuming, a fact
which further increases the costs ol data collection. Also, the

* In order 10 estimate usual intakes of individuals, repeacd 24-hour
(ood recalls are conducied. The US Committce on  Foud
Conswnpiion Patterns has rccommended that four 24-hour food
recalls be conducied on the same individual over as onc-ycar period
in order W esumate hissher usual food intake (National Rescarch
Council. 1986). For assessing average intakes of groups. a single
24-hour food recall of each individual in the group is suflicient.
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intakes i Burk and Pao., Lvy76).

Fooa recora diet wary

In the food record or diet diary method. the respondent s
10 record, at the ume of consumpton. Lhe nature and Jua
of all foods and beverages consumed dunng a specitia
penod (Gibson, 1990). The ume penod most frequenuy L
three days, in which case the method s called the Thn
Food Record™. The three days usually inciude two wee
and one weekend day collected consecutively. Simiiar ¢
on the foods and beverages consumed as have been des
for the 24-hour food recall method are recorded.

The food record is generally considered to be
accurate than recall methods as it does not rely on me
Indeed, the accuracy can be high in those instances whe
respondent iS quite CONSCientiOus in maintaining the ¢
Another advantage of the method is that it s
representative of the usyal diet since it covers 3 ionge
period than one day.

One disadvantage of the method is that it regqueres «
bit of cooperation from the respondent because ot e ¢
of maintining uUie record. Because of this responee e
to be low, especially in subjects of low soCi0-extmmma
Subjects must be literate, a fact which can turwer s
participation of illiterate or semi-literate persoms. .x sum
are not used o maintaining records. Poor csumenes # p
sizes or omissions of food items are considerabie s .0
sources of error. In the case of omissions, this cam re .
by having the interviewer review the daily rmcorg e
respondent. Any items omitied can then be anmy ~
However, this will add to the cost of daia cosenam
training of the respondcat in how 10 mainme prape
records is required. The more trained the respondem a. g
accyrate and clearer the record will be.

The method tends to cause some chamges &
consumption practices. Either the subject may conmame 2
diet in order 10 impress the interviewer or the et @
simplificd so as (10 make record keeping eamer. Fwall
amounts of foods consumed away from home mavw ¢
estimated as accurately as food consumed at home

Weighed food intake

In the weighed food intake method all foods 1o be consu:
the individual are weighed and the weight recorded. usu:
grams. After the meal or snack, any plate wasze is weighe
the weight of food consumed can thea be obtanr
difference. Instead of weighing, the volume of liquds
measured. Weighed food intake daw are usually collec
one 10 seven days, depending on the resources ava
Detailed descriptions of the foods and beverages consum
recorded as has been described previously.

One important advantage of this method is tha
potentially the most accurate method for collecting dictar
However, a major disadvantage ts that it the most diffk
all the methods. If the interviewer has 1o do the weighiny
there is 2 great burden on the interviewer. This would se
limit the number of subjccts that can be studied at one um
burden can be shifted from the interviewer by vane
subjects 10 conduct the weighing and recording. [n thisca
mcthod becomes a wcighed food record with the
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disadvantages previousiy descnibed for the food record method.
Additional disadvantages of the weighed food intake are that it
is ime consuming and expensive, especiaily where respondents
must be provided with scales and other measuring implements.

Collection of 24-hour Food Recall Data

fn our own work on assessment of current dietary intakes of
inner-city popuiauons, we have mainiy used the 24~hour food
recall method. [n fact, the 24-hour food recall is the most
commonly used dietary assessment method in large-scale
swdies of most populations. Therefore, detailed informaton is
presented on the collection of 24-hour food recall daw.

The collecuon of quantitative 24-hour food recail data
requires some auention to detail. The amounts of foods and
beverages consumed are collected in terms of common
household measures (cup, teaspoon, ubiespoon) or reguiar
portion sizes. In order to do Lhis properly, certain visual aids
must be used during the interview. Examples of such visual aids
are:

(1) A teaspoon and a tablespoon.

(2) A serving spoon.

(3) A set of measunng spoons.

(4) A measunng cup set.

(5) Representative cups and glasses of various sizes - each
graduated in fluid ounces: or poruons of a cup; or number
of cups.

(6) Represenative bowls of vanous sizes cach graduated in
cups.

{7) A ruler w0 measure poruon sizes that cannot be quantified in
terms of cups, teaspoons or tablespoons.

(8) Plasuc models (or, less preferred. life size pictures) of
regular poruon sizes of the more commonly consumed
foods.

(9) Lunch and dinner plates on which to arrange the food
models.

Good sources of food models are Nasco (Fort Atkinson,
Wisconsin) and [wasaki Images (Modesw, Califomis). These
visual aids are used by asking the respondent w estimaie the
quantty of food or beverage consumed in relation to the amount
representcd by the visual aid. Studics have shown that the
accuracy of quantitanve dietary data collected is improved
- when such visual aids are used (Moore er al., 1967). Needless
10 say, visual aids are not needed if qualitative dictary data are
being coilected.

Additional Data Needs for Assessment of Dietary Lead
Exposure

The dietary assessment techniques described above were
designed for evaluation of the intake of food energy, nutrients
and other dictary consutucnts and not for lead, this not being
considered an essenual outient. Although the same techniques
can be used for asscssment of dictary lcad cxposure, some
additional dawa are nccessary. Such additonal duta which would
nccd to be collecied include the usc ol food processed in
lead-soldcred cans or packaged in contuncrs imprinted with
lead-conwaining paint; the use of ccramics decorated with
lcad-bascd paints; the use of lead crystal (though this is
probubly an wnsigniticant source of dictary icad cxposure in
most populauons); the usc of cooking utensils repaired with
lead solder; and the practice of pica. panticularly with regard to

the censumgpuon cf iead-based pant Chups.

Another imporant datd need. parucyariv for the
calculauon of lead intake. 1s informauon on the lead content of
1 large number of foods. At the present conference. it was
reporied that the Food and Drug Administragon has daw on tie
lead content of 232 f{oods. [n we shont term, such dalwa can de
used for calculation of lead intake if the appropriate
substituuons are made. For exampie, :f the iead content of appie
pie is availabie, then the same value can be used for ail
fruit-filled pies such as cherry, peach, erc. However, there s a
limit 10 which such substitutons can be made. e.g. 1t may be
difficult 10 justify using the lead content of apple pie for other
types of pies such as lemon meringue, custard, or sweet potaio.
Therefore, until the data base for lead content is extended w
include a wider range of foods. any caiculations of lcad nake
based on any of the dictary assessment lechniques descrbed
herein, shouid be regarded as providing only rough estunsaes.
More accuraie estimates of lead intake can be provwded by
chemical analysis of duplicate samples of foods conmsnea
However, such a method is limited 10 small samplies and s act
feasible for large-scale field studies.

Conclusions

In conclusion, the 24-hour food recail is recommended & e
method of choice in assessing current dictary lcad munes o
inner-city populations. For a cooperative and mouvesd ssmgis.
the threa-day food record can be used. The dictary mary o
the only method available for assessing long-term muanes @ G
past. While each of these methods has its limitations. f progerty
used and interpreted, and if suppiemented with the aporxrase
data, each is capable of giving a fair esumate of dsessr~ emt
intake. One major deterrent (0 the use of these meshnds &
large-scale dietary lead exposure studies is the unavasiaselery of
lead content values of a large number of foods. At the presas
lime, the most accurate estimates of lead intake are provedes dy
chemical analysis of duplicaie samples of foods consumed. a
method feasible only for small samples.
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e Abstract

Because chamicals that are intentionaily added to food during its production constitute a significant portion of the US
diet. requcing lead leveis in them is one of tha long-term objectives of the Commrttee on Food Chemicais Codex. a
1 committee of the Food and Nutrition Board within the institute of Medicine. The Committee recormmends limits for 18ac.
_ as well as for other heavy metais. arsenic. and other potentially hazardous constituents in chemicals used n tood
' production. The Food Chemicals Codex is a compendium of purity specifications that often become legal standaros for
: food chemical purity in the United States and in many countries woridwide. The Committee pians to iower existing lead
limits for food chemicais based on their leve! of consumption or reported use. Data regarding food chemicai use s
avaiiable from the 1987 Poundage and Technical Effects Update of Substances Added to Food. 8ecause of thew hgn
level of consumption, sweeteners constitute a group of food chemicals in which lead limits could be lowered. However,
the Commntee's ability to recommend lower lead limits in these products depends on the availability of a test metnod
capabie of measunng lead at lower leveis. This Committee intends to make its contnbution in the effort to lower cwtary
intake of lead.

e mea

——
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The Food Chemicals Codex

Introduction

For decades, there has been heighiened concem regarding lead
exposure from all sources in the environment, including the diet.
This concem is exemplified by recent findings showing that
deleterious neurobehavioural effects are observed in children
exposed 0 minute amounts of lead (Needleman, 1990). It is
therefore critical that iead exposure from all sources be reduced
as much as passible. During the 1980s, a general decline in overall
lead exposure was attributed largely w0 the discontinued use of
lead soider for packaging canned foods and in gasoline
production. Now that lead exposure from these sources is
declining, auention is wrning to other sources, such as dietary
intake, for which lead exposure can be further diminished.
Food chemicals represent one dietary source in which
reductons in lead intake may be auwsined. This premise is
especiaily justified for those food chemicals consumed in large
amounts, perhaps comstituting up 10 2'3 percent of the diet in
significant proportions of eaters. Of course, lead is not
intentionally added to food, but it is inadvertently introduced as
" an environmental contaminant during food processing and is
also known (o be present in some source food materials (e.g.,
crop plants). As ovcrall levels of diciary lead intake decline,
food chemicals may represent an emerging source of lead.
Thercfore, 1n concert with the drive to lower overall lead
exposure. lcad in food chemicals shoukd be limited o their
lowest level possibic,

.Mwmfoodchunicahuudinmispnpumany
substance used in the production of fuod. including substances that
are genersily recognized as safc (GRAS). fuod and color additives,

and processing aids. but excluding pesucides and indirect food

additives.

S P agaial eme a2 D .

Food Chemicals Codex specifications often become icgai
standards for food chemical purity in many countnes
woridwide. In the United States, the Food and Drug
Administration (FDA) may adopt a monograph conwmng
specifications as its legal basis for determining food-grade
parity for the food chemical specified in that monograph. In
Canada, Australia, and many other countries, Food Chemucals
Codex specifications are adopted automaticaily as supulaied in
their respective food laws. To harmonize punity specificauons
worldwide and to facilitaie the intemational trade of food
chemicals, the Food CHemicals Codex conveys iis proposed
specifications 10 a number of other iniemational organizations
such as the United Nations' Codex Alimentarius Commission.

The Comminee on Food Chemicals Codex started in 1961
in response 10 a need expressed by the FDA, the public, and the
food industry. Almost 30 years later, the Commitiee plans ©
publish a third suppiement t0 the third edition w the Food
Chemicais Codex in 1991, and a fourth edition 1n late 1993 or
carly 1994,

The purpose of the Food Chemicals Codex is 10 specify
food-grade quality for food chemicals (NRC. 1981).
Specifications for these substances are published in monographs
that contain assay specifications 1o identify the major
constituent, as well as purity specifications for secondary
constituenis and coniaminants such as lead. Each specification
includes a recommended limit and 3 test method that enables
food chemical manufacturers and customers w0 comply with the
limits.

One of the Committce on Food Chemicals Codex’s
long-range objectives is o develop a policy 0 recommend
lower lead limits for food chemicals as pant pfﬁthgir goal 1



Table 1 Food chenucais selected from the 1987 Food
Additives Survey

Food chemical 1987 Poundage vaiue
Fructwose 3,031,040.886
Sucrose 2,732.418.309
Cormn syrup 1,976,761,536
Soybean oil 1.286.550.001
Soybean oil, hydrogenated 1,077,217,163
Sodium chlonde 681,719,817
Sucrose, liquid 604,096,584
Carbon dioxide 380,755.664
Com oil 336,590.016
Dextrose 175.438.897
Whey 151,032,200
Calcium carbonate 124 203,460
Coconut oil 97,750,003
Caramel color 93,949,653
Diatomaceous earth 86,705,058
Food sarch. modafied 86,156,938
Couonseed oil 86,050.349
Starch, modified 85.199.263
Sodium hydroxide 75,597 597
Citric acid " 64,179.529
D-sorbitol 63.861.826
Comn syrup solids 61,853,969
Lactose 53.801.539
Calcium oxide 47247476
Couonseed oil. parually hydrogenated 47,099238

reduce dietary lead intake. This objective is being driven by the
Commiuaee's recognition of recent evidence that deieterious
neurobehavioural effects in children occur at levels below those
previously considered acceptable. When feasible, the
Comminee intends 0 lower the lead limit as much as possible.
and will first examine those food chemicals consumed in large
quantities, especially in children. However, two limitations
restrict the Committee’s ability to recommend lower icad levels:
the feasibility of the existing analytical methodology and the
paucity of intake data,

Analytical Methodology

Ostensibly, it would appear w0 be a simple task for the
Commiuee 0 earmark high-volume food chemicals and then
recommend a lower lead limit for them. However, the
Commiuee has a2 major hurdle 1o overcome: the existing
colorimeuic test method for lead determination specified in the
Food Chemucais Codex is outdaied and not sensitive enough to
accuratcly measure lead at the lower icvels of inicrest Except
for edible oils, a suitable method of analyxis is not yet available.
The Commuee has accomplished some work towards lowenng
lead limits, howcver. A graphite furnace-based atomic
adsorpuon spectrophotometric test method for edible oils (e.g.,
coconut 0il) with a specificd lcad limitof 0.1 mg kg'! (100 ppb)
was published in the second suppicment 0 the Food Chemicals
Codex (NRC, 1986). This method may bc applicable (o other

high-voiume food chemicais with some acapuon.
Previous iimits of analvucal sensiuvicy are being gy.
as new researca methods become avalable: they ars o,
published conunuaily. However, these methods are ofia
suiable for the purposes of the Food Chemucuis g
suitable analyucal method. specifically intended 5
purposes of monionng and compilance, must de baseq o
following critena: adequate sensiuvity, selecuvity. acopr
precision, simplicity, and low cost Moreover, it must be i
on instrumentauon with wide-range applicability
accessibility to many types of analysts. either in-house or
suitable conmact laboratory. Most available research meg
do no satisfy all of these cniteria. Evenwally, a swable me
will be developed by adapting a widely-used
well-cstablished collaborauve research method.

Sources of Intake Data

It is difficuit at this time to estimate accurately the leved of
intake from food chemicals relative 10 that from the o
because of the lack of inwake data. Food chemicais are
usually consumed as is., but are typically consume
components of processed foods. In addition. the rek
contribution of dietary lead from food chemicals 10 that
food packaging componcents (such as lead-soldered cans)
known, or with best esumates, is fraught with uncertainty

One source of food chemical use informauon avaiiat
the Commiuee is the /987 Poundage and Techmicat E
Update of Substances Added o Fooed (1987 Food 14y
Survey). Initiaily, the Commutice intends 10 use the [9K7
Additives Survey daua to identfy parnicular food chemica
categories of food chemicals. t0 consider for recomme
lower lead limits.

Based on the 1987 Food Additives Survey
sweeteners appear to be a reasonable category of
chemicais for which lead limits could be lowered, jusufu
their high level of use (sce Table 1). In addition to sweete
the Committee intends to establish similarly I
recommended lead limits for other high-volume
chemicals.

Another potential source of intake data is the F
ongoing Total Diet Sdy (TDS) (Pennington, 1983). Spe
products in prescribed food categones are randomly taken
store shelves, aggregaied, and then analyzed for both nua
and environmental contaminants such as lead. The foods
chosen for analysis are based on data from ‘he Nationwide
Coasumption Survey (conducted by the US Deparume
Agriculuire) and the Second National Health and Nuw
Examination (carried owt by the National Center of #
Statistics). The TDS provides lead levels in small numb
food sampies with a high degree of accuracy. However,
this approach to estimate lead intake in many individual
itms consumed can be prohibitively expensive 10 perfor

A variant of the TDS approach, the Dietary Exg
Assessment Mcthod or DEAM, has recently been pub
(Graham et al.. 1990). In the DEAM approach, 10 w0 X
products, each with a known market share, can be aggr
into a composile sample that can be analyzed for a van
contaminanis such as lead [n dewil, the number of
products combined in a composile sample is limiwed !
sensitivity of the anatytical method because the analywe r
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diluted as more products are added 1o the composite sampie.
The food categones selected for the composite sampie couid be
pased on their weight percent of the iowal diet (Pennington,
1983). Once the categones have been seiected, specific foods.
based on their market share, could be incorporated in the
composite sample. Therefore. a composite sampie contuning
the top market share food products represenung the top 20 food
categones could yield a quanufiable esumate of lead intake w
the general public. If intake da become available produced by
the TDS or DEAM, the Committee may consider those dawa o
heip their efforts 10 recommend lower lead limits.

Conclusion

The Committee on Food Chemicals Codex of the Institute of
Medicine intends 10 contribute w0 the effort 0 lower dietary
inake of lead. Whenever possible, the Commiuee intends to
recommend lower lead limits in food chemicals with high levels
of use. The feasibility of the existing analytical methodology
and the paucity of intake data restrict the Commiuee’s ability
to recommend lower lead leveis. In the future, newer, more
suitable anaiytical methods plus intake data shouid become
available for the Commiuee. Taken wyether, these acuvities of

the Insatute of Medicine can piay a roie in the dnve 0 reCucs
diewary iead exposure.
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Abstract

We have examined tno potential of aicoholic beverages to elute Pb from crystal wine decanters and glasses = ewe
comaining 89 Pb L~ was aliquoted into three lead crystal wing decanters. The wine Pb content rose steacwvy © a ~een
of 3.518ug L™ atter 4 months. We then analyzed wines and liquors which had been stored in crystal decsresrs » e
homes of our colleagues for penods of six monlhs or longer. in the first four homes, eight decanters containea dever ages

with a mean Pb concentration of 7,781 ug Lt

. In a short-term experiment, white wine was found to alule Sme= a.erenes

of Pb trom lead crystal glasses within minutes; the mean wine Pb concentration rose from 33 ug L atome we o4

mean of 99 ug I

after four hours. We conciude that, in particular, lead crystal wine decanters are povereasy o

important source of Pb exposure for a segment of the popuiation. In addition, lead crystal baby botties. ssrowgr ot
as widely available, were found to elute Pb into apple juice and infant formula; their sale shouid be bannes

Introduction

Historically, lead (Pb) has accidentaily found its way into wines
due to the use of leaden keutles, distillation devices, basins for
mulling wine, leaden glazed pouery oc lead cups (Nriagu,
1985). Ancient wines, to which Pb was intentionally added as
a2 sweetener, have been estimated to have extraordinarily high
Pb concentrations, approximately 20-30 mg Pb L~! (Nriagu,
1985: Elias, 1985). Although the Greeks and Romans knew
many of the ‘classical’ signs of Pb ingestion, including
abdominai pain. constipation, pallor and palsy (Nriagu, 1983),
they apparently did litle o prevent Pb exposure via wine
consumption, leading some 0 suggest that Pb poisoning was
probably endemic (Gilfillar, 1965).

Early samples of Egyptian glass, dating back to

15001400 BC, have been found to contain 1-10% Pb (Nriagu, -

1983). Lead crysuml, with considerabty higher concentrations of
Pb. was invenied in England in 1675 by George Ravenscroft,
who discovered that the addition of Pb compounds 0 moiten
quarz yielded a glass with unique properties: high density,
durability and brilliance due to visible light refraction
(Encyciopedia Americana, 1984). The production and use of
lead cryswl glass increased rapidly in Europe during the
cighicenth cenwry. By the early ninciccnth century, severe
occupational Pb intoxication was described in glass workers in
Paris (Tanquercl des Planches, 1848). In the USA, the
production of lead crystal did nor develop until the late
nincicenth century {(Encyclopedia Americana, 1984).

High quality icad crystal vesscis now coatain
approximaiely 24-32% Icad oxide (PbO). We have examincd
the poicatial of lead crysial wine decanters and glasses to elute

S mpaial s imen

rrarating the Pemrsaiiimar 8 ks C i
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Pb inlo alcoholic beverages, particularly wines %+ “ow wa
examined the elution of Pb from lead crystal bave ~am+ an
apple juice and infant formula. Our findings suggre em sas
crysial giass may be an important "new’ source of P ¢ gumen

Methods

Lead anatyses: This laboratory is highly expenemsd @ wuce
metal analysis and is certified by the OSHA tor saomg ™
anslysis. Wine, liquor, juice and formuia sameees eere
analyzed for Pb conwent by a graphite fumace aiome swwrpmon
method traditionally used to analyze Pb in blood. « Ferasmdez
and Hilligoss, 1982).

Crystal wine decanters: Three crystal wine decaniers wese waed
in the initial experiment. Two of these, one Inish and e ower
Freach, were stated by the manufacturers 10 be 32% PdO: the
other, West German, was stated 10 be 24% PbO. After carefully
cleaning the mouth of the bottle, a bottle of pont was was
opened and duplicate S mL samples were obtamed for Pb
analysis. The remaining wine was divided between the three
vesc:l's, and § mL samples were removed for Pb analyus after
2,731, 84 and 127 days.

Colleagues were then canvassed to determine :f their
homes contained crystal decanters filled with wincs or spunts
for projonged periods of time. Five faculty members responded:
among them they offered the contents of 11 crysial decanters
for Pb analysis. Plastic pipettes were used o obuin 5 mL
sampics (rom cach decanter for the measurement of Pb conient.
Crystal wine glasses: In order 10 determine the early ume course
of Pb clution from lead crysul glasses, we conducied an
experiment meant 10 Simulate consumption at the dinacr uble.
Fwsasolfw;hmnchwmmﬁmd.Asuofmkm
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Figure 1 Port wine Pb concerurations (ug L™') after siorage in lead crystal wine decanters. A singie botile of wune
apportioned into three decanters. The decansers were of French (open circles), Irish (open triangies) and German 1cic
circles) origin.

crystal glasses served as controls. Two sets of lead crysial were
of known PbO content; an Irish set (32% PbO) and a French sct
(24% PbO). A third set of Yugosiavian lcad crystal glasses was
of unknown PbO content. The geometries of the glasses varied
considerably. The presence or absence of Pb in the glasses was
confirmed by X-ray fluorescence using a Princeton
Gamma-Tech XK-3 Lead-in Paint Analyzer (Princewon, NJ),
kindly provided by the New York City Bureau of Lead
Poisoning Congol. All 16 glasses, as well as other glassware
and pipeue ups, were acid-washed with 0.5% HNO3 (Ultrex)
prior w the study.

Al room temperature, two botles of California win
were combined and mixed in a 2-L volumetnc (lask. D
S mL samples were obtained for Pb and pH measun
Using a 100 mL graauate cylinder (Pyrex), 80 mL alw
the wine were ingroduced into each glass. One mL sampé
removed from each giass for Pb analysis after 10. 20,
60, 75, 99, 105, 120, 135, 150, 165, 180 and 230
ANOVA was utilized 10 determine the effects of 'set’ of
and Lime in the glass on the wine Pb concentration.
Crysial babry bottles: We purchased two Irish lead cryst
bottles (32% PbO) and two ordinary giass baby botdes. A

Table 1 Pb concentrations of wines and liquors stored in decanters.

Approximate Pb

Home duration of Origin of conc.
number Beverage storage decanter ugl”
1 Brandy S years Ireland 7.746
2 Madeira S years Unknown 1.402
3 Scowch > 3 years Ireland 2587
Port 6-12 months Sweden 203

Amagnac 6~12 months Sweden an
4 Brandy > 5 years Unknown 19.920
Brandy > § years Unknown L5
Brandy > § ycars Unknown 8.3%

5 Gin 6~12 months Antique, unknown 13
' Brandy > | year US antique, ca. 1830 68
Grand Mamicr > 2 years Antique, unknown 173

Bourbon 18 months Antique, unknown 17

Tequila 18 months Antique, Mexico 300

Vodka 1 year Antique, unknown I




PB CONCENTRATION (ug/l)

Figure 2 Mean wrute
wine £Pb concentranions
ug L) arter
tncubanon (n *our se:s
of wine glasses in = -
| glassesiset). Two boues
i of Califorma wiie wine
were mixed and 80 mL
| aliquots were placed in
1 each of 16 glasses.
Wine Pb concenvations
did not rise in sampies
placed in a control set
of non-lead glasses
{+ signs). The Pb
comrcensrations rose
steadily in sampies
placed in [rish (soiud
squares), French isolid

triangles) and
Yugosiavian 10pen

MINUTES

acid washed with 0.5% Ultrex nitric acid prior 0 use. We first
examined the elution of Pb into apple juice (Gerber Apple Juice
with Viamin C) by pouring the juice directly (rom the container
into all four bottles: 1 mL samples were removed as described
above for the wine glass experiment. We then repeated this
experiment using infant formula (Enfamil with iron, powdered
formula) prepared as it would be a1 home. Two scoops of
formula were placed in each botle immediately after 120 mL
of boiled deionized water had been added: samples for Pb
analysis were obtained as above.

Results

The elution of Pb into port wine from three lead crysul wine
glasses 1s illustrated in Figure |. The Pb concentration of the
wine was 89 pug L' at the time it was introduced into the
decanters. After approximately four moaths, the Pb
concentrations reached 5,331, 3,061 and 2,162 ug L~}
(mean = 3,518 ug L), respectively, in the French, Irish and

German decanters. The PbO content of these decanters was

stated by the manufacturers 1 be 32, 32 and 24%, respectively.

We ten analyzed the Pb coment of alcoholic beverages
which had been siored in crystal decaniers for long periods of
me in the homes of scveral collcagues. Eleven different
decanters had been filled with wincs or liquors for six months
or more (Table 1). Six beverages from decaniers in the first
four homes had extraordinarily high Pb concentrations ranging
from 1.4 to 21.5 mg L-'. Of intcrest is the finding that
beverages stored in antique decanters in a fifth home were
exccpuonally low in Pb contenL. We suspect that these antique
decanters pre-date the addition of Pb to crystal glass in the USA.

An experiment was conducted to determine whether lead
crystal glasses elute Pb into wine ovcr a short time period. The
rises in Ph concenuration over ume in three different sets of lead
crystal glasses arc illustrated in Figure 2A-C. Wine Pb
concentrauons did not nise in wine sampies placed in non-lead

100 150

squares) lead crvsial
glasses.

glasses (Figure 2A). ANQVA revealed a significant nse 1n Pb
over time (p < 0.0001). This analysis also showed that each set

of glasses had its own clution charactenstics (p < 0.000H—

Furthermore, there was a significant glass-by-set inwcracuon
(p < 0.0001), indicating that each glass has a charactensuc
elution pattern. The overall mean (n = 12) wine Pb
concenwation of sampies placed in lead cryswal rose from 33
ug L~! at the time of pouring, 1o 68 + 11 (SEM), 81 = IS,
92+ 18 and 99 £ 20 ug L~! after 1, 2, 3 and 4 hours,
respectively.

Finally, the elution of Pb from lead crystal baby botues
was examined. Apple juice Pb concentration increased linearly
over time in each lead cryswai boutle, rising from a mean of |
ug L=V at the start 10 166 ug L~ afier four hours. There was no
rise in Pb concentration in apple juice placed in ordinary glass
baby bowles (Figure 3A). A subsequent experiment examined
Pb elution into infant formula. In the lead crysial baby boiles,
the mean Pb concentration of the formula immediately jumped
10 140 ug L™! after 15 minutes, the continued 0 rise slowly ©
280 ug L~ after four hours (Figure 3B). We surmised that the
immediate rise was due 10 temperature, which graduaily cooled
during the course of the experiment. We subsequenuy repeated
this experiment under controlled emperature conditions at
20°C., 37°C and 56°C, and observed a temperalure-dependent
rise in formuia Pb concentratons.

Discussion

Lead is relatively ubiquitous in the environment. Basciine Pb
intake from sources including air, food. water, beverages and
dust has been estimated o be approximately 0.64 ug kg™! day™!
in adult fcmales and 0.76 pg kg~! day~! in adult maies (Elias,
1985). These values, which do not include exposure to Pb via
winc and other alcoholic bevcrages, comespond to intakes of
approximaic 40-60 ug PB day-!.

EPA’s current maximum allowable level for Pb in drinking
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Figure 3 Mean Pb concentrations (n = 2) rose steadily in apple juice placed in lead crysiat baby boules (open diar
Figure 3A) and infant formula (solid diamonds, Figure 38). No such changes occurred when apple juice (solid trianzles.
3A) or infant formuta (open circles. figure 3B) were placed into ordinary glass baby botiles.

water is SO pg L. As a result of recent findings conceming
various adverse cffects of Pb, it is cxpected that a reviscd
sandard will be more siringent, possibly 20 pg L' or less
{Agency lor Toxic Substances and Discasc Registry, 1988). For
the sake of companson, Pb concenurations in wincs gencrally
range from 30 10 200 pug L-'. Without regard 10 a possiblc
contribution of lead crysial glass 1o wine, Elias (1985)

concluded that wine docs not fepresent an imponant s
Pb exposure except for those who consume unusuail
quantities. Others, however, have concluded that

‘regular’ wine drinkers, Pb intake from wine may cxcc
{rom dict, waser, air and dust combincd (Sherlock ez ai.
Smart er al., 1990; Elinder et ai., 1988). [ndecd,

epidemiologic studies have found a dose-response reiat




between alcohor consumpuon and blood-iead concentrauon
(Grandjean et 3i. 1981. Moreau er ai.. 1982; Quinn. 198S:
Shaper er al.. 1982).

The current study indicates that alcoholic beverages stored
in lead crvstal decanters steadily increase 1n Pb concentranon
over ume. The findings of our conuolled expenments (Figure 1)
were confirmed by the analyses of beverages stored in decanters
for prolonged penods of time in the homes of our colleagues
(Table 1). Indeed. some of the wines stored in lead crysual
achieved Pb concentrations of approximately 20 mg L7,
comparabie with those esumated for the famous Pb-sweetened
wines of Roman umes (Nriagu, 1983, 1985). The risk of serious
Pb exposure is apparent. [nfrequent drinking from a lead crystal
decanter would result in interminent large doses of Pb, while
frequent drinking would result in repeated smailer doses of Pb.
In either case, we are compeiled 1o recommend that the use of
such decanters be modified in some manner, either by labelling
or restncung their sale. It is also obvious that the sale and use
of lead crystal baby botes should be banned.

Our shon-term expenment with lead crystal wine glasses
indicates that Pb begins to elute from the crystal into white wine
within minutes. In three sets of iead cryswal glasses, each of
different geographic ongin, wine Pb concentrations rose
steadily over a four-hour period of time. While the
concentrauions of Pb were far less than those observed in the
wines siored in lead crystal decanters, the regular use of lead
crystal glasses for the consumption of beverages should also be
seriously questioned. In particular, because lead readily
traverses the piacena (Graziano er ai., 1990), pregnant women
shouid probably avoid drinking any beverage from lead crystal
glassware.

The current findings agree only in part with those
described in a brief letter by deLeacy (1987), who claimed that
port wine Pb concentration rose from 0.1 umot L~! (21 pg LY
t0 5.9 pmot L~! (1,233 ug L~!) after three months of storage in
a crystal decanter. That observation is consistent with ours,
although we have found stored wines with far higher
concenwatons. DeLeacy, however, also claimed that the wine
Pb concentrauon reached a plateau afier 6-8 weeks of storage,
and that wine Pb did not rise during a three-hour incubation in
crysial glasses. The data 0 supporn the lauer conclusions were
not presented. nor were the analytical methods, which, in the
case of the short-term incubation, may have been too insensitive
to detect the refatively smail rise in Pb concentration over time.

We can only speculate as (10 the consequences of the use
of lead crystal over the past 300 years. The adverse effects of
Pb are weill documented and include satumine gout (Goyer,
198S), as well as effects on biood pressure (Pirkle et al., 1985),
the kidney (Goyer, 1985), the erythropoietic sysiem (Cooper
and Sigwart, 1980). Prenatal Pb cxposure is known 10 be
associated with deficits in cognitive function in later life
(Bellinger et al., 1987). The contribution of Pb from lead crystai
glass decanters and glasses to adverse hcalth outcomes cannot
be precisely estimated at prescnt, largely because the
bioavailahility of PB in wine is unknown.
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Abstract

Intake and uptake of lead in the general population is mainly via the gastro-intestinal (Gl) tract. Those biociogecat arc
biophysico-chermucal factors operating in the Gl tract are the main determinants of Pb bioavailability. They incruce sses
of Pb uptake, the physiology of uptakestransport to blood, the stage of development, interactions of Pb with rutrerts.
and G/ blochemical transformations of ingested matenal. Lead uptake occurs as ion or complex. from miceses arc
perhaps by pinocytosis in the infant. Uptake is mainly via the duodenum but other sttes can panicipate. e § aswm
(pinocytosis) and colon. Transport to blood is by active, carner-mediated transport and passive giffusion. Uptane ~ay
include movement through interceliular tight junctions.

Lead uptake is affected by nutrients in the Gl tract, operating synergistically or antagonistically. Iron ang casasm
interactions are most important and augment those also occurnng in vivo in tissues.

Liberation ot lead from diverse ingested media, e.g. food, paint, soil and dust, mining waste, is atfectes oy tew
chemicaiphysical forms, hydrolytic and oxidative processes in gastric fluid and other Gl sites. Such changes » v
are poorty smmlarad by m vitro tests. The downward revision of biood lead (Pb-B) leveis considered ‘safe © ados

-t

0.5umol L~ ( 10ug al” ) or lower, causes even sources of moderately bioavailable Pb to become importare

Introduction

The concept of biological availability as applied 10 the public

health risks from environmental pollutants is a relatively simple
one: potential human heaith risks associated with a substance
are actuaiized when the substance in a bioactive form is
deliverabie or delivered to sites of toxic action. The specifics of
the delivery are modulated by the many factors discussed in the
symposium, including the nature of the lead-conwining
environmentai matnx in sources and pathways.

In areas of nutrition and pharmacology/pharmacokinetics,
assessment of a substance’s bioavailability has often been the
sine qua non of research effort and quanutative application. The
volume of published work relating 10 the topic in these
disciplines is considerable and growing. Bioavailability is aiso
implicit in that dicium of toxicology which stases that ‘the dase
makes the poison’. The environmental epidemiology of toxic
metals and metalloids, by contrast, has ofien given less attention
lo circumstances of their form-specific bioavailability and/or
bioactivity (¢.g. Mushak, 1987a, 1985, 1983). This is due in part
10 the absence of information on form-specific bioactivity and
in part 10 an assumpuon that the corc ciement should confer
uniform toxicity.

Various functional definidons of bicavailability have been
put forward and these have as their basis entry intd sysicmic
circulation, dclivery 10 siies of action or the exicnl of some
clfect.

A generic form ofthe definition by Firsov and Prowovwus
(1986), put forth for drugs, is useful:

"The biological availability is the fraction (nuthent. drug
or human environmental wxicant) of substance enienmg the
syssemic circulation (extent of systemic absorption) and the rme
at which entry ocowrs.”

The biocavailability of environmental lead in human
populations is defined by the biological aspects of lead uptake
from body compartments, the biophysico-chemical behavior of
different lead spegies in body comparuments, interacuve
reistionships of lead with other species in body comparuments
and oxicokinetics of lead in the human body. We are here

" concerned with intake/uptake of exogenous lead, but it should

be kept in mind that reicase of lead from the body stores such
as the skejeton produces bioavailable lead and exogenous lead
exposure.

How does one determine lead bioavaiiability, particularly
ingestcd lead, in human populations? Approaches include:
(1) use of appropriate experimental animal models 10 simulate
the behavior of lead species in humans: (2) validated
multimedia toxicokinetic models using spproprisie intake/
uptake kinetic paramesers: or (3) epidemiological approaches
through biological moniwring, including methods of inferential
statistics for identifying reistionships of biological markers ©
lead sources or pathways.

Bicavailability of lead in the gastro-intestinal (GU) wact of
humans and experimental animals is of parucular interest, since

t Special issue incorporating the Proceedings of the Symposium on the Bioavailability and Diesary Exposwre of Lead.
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ingestion is the major route of lead exposure for most risk
segments of the general population. The enteric bioavailability
of lead in some ingesied medium, in twm, is governed by
various intrinsic (biological and biophysico-chemical) or
extrinsic (level of source-specific exposure) factors which can
operate scparately or in combination.

Biological Determinants of Human GI Absorption of Lead
Bislogical determinants include: (1) inerspecies differences,
‘€. TUMINAM vS MONOESStric species such as humans: (2) the
site of lead upake in the GI tract; (3) the physiological and
molecular processes underiying lead uptake and transpoct W the
sysiemic circulation from the gut; and (4) the stage of
physiological devclopment, ¢.g. children vs adulls and
young/middie-aged adults vs the aged.

Interspecies differences in the Gl absorption of lead
Interspecies differences in the enteric and mewbolic handling

of xenobiotics have principally been of interest in the
organic chemical substances (Calabrese, 1984; Ral
Smyth, 1960), with particular reference to dist
auributable 10 mixed function oxidase (MFO) transfo:
of various substances. Comparatively less has been fon
with regard 0 metals and metailoids (Calabrese, 198
relevant comparisons have appeared for arsenic and
and ceruain forms of mercury (Mushak, 1985, 1983) b
less for inorganic, divalent lead, the most environ
significant chemical form (see, however, Scharding anc
1973 and relevant papers in these Proceedings).

Any effect of species on lead bicavailability wouk
on differences in such parameters as Gl tract anau
physiology, gastric processing of lead-bearing media.
acidity and/or oxidation-reduction potential
participation of biliary clearance. Existence of
dependent differences. in tum, becomes a key conside
the development of animal models of lead bicavail:
human populations. Specific discussions of animal n
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Table | Siudies of iead uptake sites in the mammaiian Gl ract.
Species Dosing details Resuits Reference
In vivo

Male Wisar rats In steu ligated intesunal

loops 1njected w/Pb-203

Sprague-Dawley GI intubation w/Pb-203

suckling rats: 10, followed by segment

14 and 24 days old radiography

Same: 9-16 days oild GI inmbation w/Pb-203 as
salt or in milk micelles

34 week-old White Pb-203 injected into situ

Leghomn chicks ligated intesunai loops,
different diews

CS56 BU/6 Jax aduit  Pb-203 given via open-ended

mice duodenal loop perfusion

Adult guinea pigs  PB-Oac in drinking water

Adult guinea pigs  Dosing of isolated loops.
colon and jejunum w/Pb
solution

In vitro

Adult Wiswar rats Everted duodenal sacs
incubated w/Pb-210

Pb uptake primaniy in
duodenum

Duodenum is site of PB uptake

w/transport, transport, ileal
uptake w/retenton at 24 days

Pb salt absorbed in duodenum,
Pb in micelles absorbed in
ileun

Label uptake in duodenum
varied w/leved of nutrients

Duodenal uptake, variable
with uon status

Pb uptalze in ileum and colon,
similar lissue levels

Jejunal uptake higher than
for colon; other sites not
tested

Labe! uptake and transport,
mucosal 10 serosai surfaces
of duvodenum

Conrad and Barton. (978

Henning and Leeper, 1984

Henning and Cooper, 1988

Edelstein er ai., 1984

Flanagan er ai., 1979

Rizzi et al., 1989

Hussein et al., 1984

Barton, 1984

lead bioavailability in humans are presented eisewhere in these
Proceedings.

There is little evidence to support any noton that ingested
lead behaves differendy in ruminants compared 10 monogastric
animais, whatever the differences in gasuric anatomy and
physiology. For exampie, regurgitation and chewing of
lead-conwaining material and a methanogenic, chemicaily
reducing milieu in the ruminant GI tract might be expected to
affect jead biocavailability differenuly than when simple passage
of ingested lead through the monogastric stomach and intestines

. with an oxidative enviromment occurs.

On the other hand. there is extensive literawure
documenting that ruminants readily absorb lead from
contaminaled range feed/soil and experimentally-dosed diets
(e.g. Allcroft. 1950: US EPA, 1986; Zmudzki ef af., 1986) and
are at rather high risk for lead poisoning (Allcroft, 1951;
Hammond and Aronson, 1964: Zmudzki er al., 1986). This
vulnerability possibly reflects soil ingestion during grazing.
Funthermore, Sara (1971) has reported that the exient of GI
uptake of elements such as cesium by the ruminant (80%) is not
much lower than monogastrics (90%). These Pmceedmgs
discuss the wpic ciscwhere.

Sites of upiake of lead

The epithelial lining of the small intestine in humans and

experimental animals is the principal anatomicai and
physiological locus of uptake and transport from the lumen.
There aiso is evidence for the involvement of colonic
epithelium in experimental sysiems. The stomach separatety
plays a role in uptake via ansformation(s) of lead-beanng
media or form- specific lead 10 potentially more soluble or
otherwise mobile forms.

Uptake involves epithelial cells on the mucosal surface,
the enterocytes. These specialized ceils are strucwred with
finger- like projections, the microvilli (Figure 1). Such
morphology provides an enormous surface for contact with and
uptake of lead and other substances relative to celiular volume
and time in the gut. Noss in Figure 1 the insercellular juncaon
and associated intercellular lateral space, which also may
participate in lead transport.

Various in vivo and in viro studies have been done 1o
identify the site(s) of uptake and transport of lead. and the more
significant reports are summarized in Table 1. [t is imporant ©
keep in mind that these data were gathered typicaily by using
surgically and physiologically manipulated segments of the GI
tract in experimental species. The full extent 0 which these
manipulations introduce artifacts in the results is not known.

In rots and other species. lead uptake and wansport
principaily occurs in the duodenum in developing and mature
animals (Henning and Cooper, 1988; Barton, 1984; Edeistein &1
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Table 2 siudies o7 .ead upiake sues in the mammauan Gl race.

Species Dosing detatls Results Reference
In wivo
Adult and suckling Oral inbauon or drinking Concenraucn-dependent Aungster
Sprague-Dawley rats H:0: Pb dose range of uptake rates were observed,
1-100 mg kg'[ i.e. carmier anspont and
saturauon kinetics
C56 BU6 Jax adult " Open-ended, in-situ perfusion,  Uptake dependent on lumen Pb, Flanagan er
mice Pb-203 or Pb-210 + camier i.e. saturation kinetucs
White Leghom chicks In vivo, ligated duodenal Concentration-dependent Pb Mykannen s
loops, injected Pb-203 + uptake: saturation kineucs Wasserman
camer, 0.01-1.0 nM Pb
Suckling Sprague- In vivo intbation of Pb-203,  Pb in micelles absorbed only Henning ene
Dawley rats as salt or in milk micelles, with retention in ileum, )
segmental analyscs of Pb salt absorbed in duodenum
intestinal wract with transport
In vitro
Adult Wistar rats Rat everted gut sacs with Duodenal sacs transported Pb, Bartoa vme
Pb-210 in bathing medium, by active transport.
active transport inhibitors Tleal and jejunal sacs did
not transport Pb
Adult and juvenile Everted gut sacs with Pbion  Non-linear Pb uptake vs dose, Aungs e -
Sprague-Dawley rats at 0.5-48.3 uM, metabolic active transport dominant at
inhibitors all doses, with diffusion <20%
Adult rats Everted gut sacs with Pbion.  Pb appears localized between  Coogmm. 8.
Cellular Pb localized by enserocytes, in ‘tight Moo o @
histochemical techniques junction’ region

al., 1984; Henning and Leeper, 1984; Flanagan er al.. 1979:
Conrad and Banton, 1978). In general, the more reliable ir vitro
data support iz vivo results, ie. uptake via duodenum (Barwon,
1984). In other studies experimental anifacts, such as the use of
medium cofactors that remove icad by precipitation. limit
conclusions 0 be drawn about regional uptake in the small
intestine (e.g. Blair et al., 1979: Gruden and Stantic, 19793).

Hussein and coworkers (1984) have found that lumenal
lesd dosing ot isolased loops of guinea-pig colon and jejunum
yields significant lead uptake at both sites, but colonic uptake
is less than that in jejunal epithelium. The reistive amount of
lead actually entering the bloodstream from transcolonic
transport was not determined. However, Rizzi er al. (1989)
reporied that orally dosed guinea pigs showed tissue levels of
lead in colonic tissuc similar 10 those in ilcum.

In theory, xenobiotic transport from the gut o the
circulation can entail such processes as carricr-mediated
transport, passive and facilitated diffusion, pore filuration,
phagocytosis andd pinocytosis (Calabrese, 1984). In the case of
lcad, a number of these mechanisms have becn identificd.
Various studics of the kinetic aature of lead movement from the
intestinal lumen to the bloodsiream arc presented in Tabie 2.

Transpont of icad from duodcnum 0 the blood stream

appears 10 include significant intracellular uptake e
active transport system that normaily funceome
nutrients, such as caicium and iron, with e
passive diffusion being reporied (e.3. Flanagas «
Banon er al.. 1978).

Evidence for carrier-mediated transpon
observation of energy requirement and identafe
proseins (e.g. Henning and Cooper, 1988: Bars
Mykannen and Wasserman, 1981) and samrabulity o
indexed as loss of rissue lead linear response abowe
level of oral dosing (Aungst and Fung, 1981; Flane
19%9).

There is also evidence that paracellular uptake «
diffusion through ‘tight junctions’ will occur. bas
everted sac techniques and histochemical stunng.
tight junclions have a pore diameier of 10-16 A. .
charge density and high sclectivity for cauons (e g
al., 198S; Coogan, 1982).

Is this mode of uptake an artifact of expenimen
co-exisience with intracellular wansport in vivo but rt
cationic (vs complexed) lcad? The lauer is the more
supporung informauon from data on other ionic mcs

It is known that some uptake of iron, in low
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Table 3 Relatwnsrud of age ana aeveiopmen: .0 Gl absorpnon of lead.

Study group Stwdy detaiis Results/comments Reference
Humans
8 chiidren, aged 11 lead balance studies Mean extent of Pb uptake Alexander e: .. 1973

3 months 1o 8 years

was 53%

12 infants, aged Two-part lead balance studies:
2 weeks (0 2 years Part 1: 51 studies with
(2 studies) 9 chiidren 42% absorption Ziegler et ai., 1978
Part 2: 38 studies with
6 children 42% absorption

29 hospitalised Lead balance studies: Showed highly variable uptake, Baritrop and Surehiow,
children, aged 104 studies with 29 children 15 children in negative 1978
3 weeks 10 14 years balance, w/ -40% uptake.

Resuits limited by unknown

Pb exposure and stresses of

disease and injuries,

e.g. bone fractures
Animals
Sprague-Dawley {ntubation of Pb-203 at Ileal uptake of lead with Henning and Cooper,
suckling rats varying doses as sait or retention is greater than 1988

in milk micetles elsewhere in gut

Albino rats: 1-2 G1 administration of Pb~203 1 week-old animaly absorb Kosdtal, 1987
week-old sucklings: and measurement 70% lead vs 23% in weaned e
68 week-old weanlings of label rats
Fisher-344 rats: Oral Pb disposition at 0, Marked changes in bone and Cory-Schlecua. 1990a
adult (8 months) and 250, 500 ppm Pb in drinking  sofi tissue Pb of old rats;
old (16 months) water Pb-B was similar
Fisher-344 rats: Oral Pb disposition at " Changesinoid racbone and  Cory-Schlecta. 1990b
young (21 days); various doses: 0, 2 or 10 excreted lead; no change in .
adult (8 months) and mg Pb kg~ day™ Gl uptake
old (16 months)
Fisher-344 rais: Oral Pb disposiuoa at 50 Increases in Pb-B and soft Cory-Schlecta et al..
adult (8 months) and ppm PY in drinking water tissue PY in old rais: 1989
old (16 months) may reflect higher uptake

weight forms, is through pessive diffusion and occurs via tight
junctions (Simpson ef al., 1989) while aluminum is normally
transported via light junctions (Provan and Yokel, 1988).
Furthermore, aluminum uptake is markedly enhanced by cicme

* in animais and humans (Slanina et ai., 1986; Froment et al.,

198%), while citraie impants a similar enhancement of lead
absorption (Spickeu ez al.. 1984). Froment er al. (1989b). using
ruthenium red and Ussing chamber techniques, have shown
conclusively that citrate functions in aluminum uplake by
opening tight junctions for more facile aluminum passage.

Age and developmenial determinants of Gl lead absorption
in humans and animals

[t is now known that age and the stage of development in
humans and experimental animais have an intrinsic effect upon

body lead burdens. These closely linked factors potenually
operaic through a variable combination of: (1) the extent of
iead uptake in the Gl tract; (2) the distribution of lead among
tissues and its retention; (3) the refative efficiency of excrestion
of absorbed lead.
In~examining this body of data, it is important to
understand the namre of the \echniques for assessing the above
inter-relsted phenomens with respect 10 distinguishing amoag
higher uptake, higher rosention and reistively lower exient of
excretion, One should also understand that higher uplake in
imestinal epithelium does not necessarily result in more lead
delivered to the blood. These distinctions have not always been
comprehended by various investigaiors. We are mainly
concerned here with age and development as a facior in more
lead uptake from the GI tract, and this topic has been reviewed
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Table 4 - arious nuwrtent relguonsmps wiin lead :n humans.

Group Swdy design

Results Reference

All nutrients

Adult voiunteers Ingestion of Pb-205 label

(n=23) vanably umed with meals

Calcium

Cluster sampiing of Suatistical analyses of Ca

1-11 year-old children in diet vs Pb

in NHANES II (n = 2926)

Infants (see Table 3) Statistical analyses of
dietary Ca and Pb uptake
in balance studies

Children 1-6 years Statistical anaiyses of

old (n = 43) dietary Ca and Pb-B

Adult volunicers Pb-203 label uptake in

(n=8) Ca/P-variable diets

Iron

Children 2-6 years old Statistical analyses of Pb
in NHANES [I survey vs EP as a function of Fe
(n = 1677) a function of Fe

Children at high Analyses of relatonship of
risk for Pb twxicity

and Fe deficiency

EP = erythrocyte prowporphyrin.

* 1 umol L™' Pb-B = 20 pg dL"!.

Minimal upuake of 61% Pb with James er 120, 198¢
fasung, 4% uptake with meals.

[ntermediate uptakes between

these umes

Dietary Ca inversely related
to Pb-B. (p = 0.028)

Mahaffey er al., |

Pb upuake inversely related
to diet Ca: occurs even
within Ca RDA guidelines

Ziegier eral., 197

Ca intake and Pb-B were Johnson and Tenu
negatively correiated 1979
(r=0.327: p < 0.05)

In fasting, 60% Pb uptake, Heard and Chamt
with Ca + P giving 10% upuake 1982
Dose-effect curves for EP Marcus and Schw

vs Pb-B showed slope depends 1987
on % transfernin saturation

Children with Pb-B >1.5 Yip et al.. 1981

Pb-B 10 EP and Fe deficiency pumol L™' and elevaied EP had

increased rate of Fe deficiency

(Musak, 1989; US ATSDR, 1988; Kostiai, 1987; US EPA,
1986). Some of the relevant studies are presemed in Table 3.

The main focus of this area has rightfully been on the
growing child. Also, there may be a role played by the ageing
Gl tract in lead wxicokinetics. While the lauer is only now
being examined 10 any exwnt, the ageing of populations in
deveioped countries, especially in the Unied States, and the
problem of potentiaily mobilizable lead after life-iong body
accumaulation requires much more attention to the mauer.
Available data are included in Table 3.

Young children, in those studies where reasonably stable
exposure hisiones can be assumed (0 have existed (Ziegler et
al., 1978; Alexander et al., 1973), have been shown w0 absord
{and also 10 retain) more ingested icad than do aduits, 40-50%
vs 10-15% in aduits. The dawa of Barltrop and Strehlow (1978)
are based on hospitalized children with fully unknown lead
exposure histories and who have metabolic suesses of disease
and rauma, e.g. bone fractures. and are not easily interpreted.
Many swdics comparing developing vs aduli cxpcrimental
animal models show the same phenomenon (Mushak, 1989: US
ATSDR, 1988: Henning and Cooper, 1988; Kostial, 1987; US

EPA, 1986), and animal models of bicavailability mu
account of this.

What is the physiological basis for enhanced lead :
in young (pre-school) children and suckling animais?
pre-school children are more apt 10 be at risk for n
deficiencies which can enhance lead uptake, as discussed |
the nawure of the stdies of Ziegler er al. (1978) and Ale
et al. (1973) wouid tend to minimize any nutritional fact
example, Ziegler et al. used a middle-class infant col
which deficiencies were apt to be minimal. while Alexa
al. used a broad range of children, only some of whom 1
the deficiency-nisk group.

In the rat, many of the structural parts of the smail in
are matured at weaning, including viilus and crype «
(Trehair, 1989). Furthermore, the well-known ¢
phenomenon of pinocytosis in the suckling rat ileur
Williams and Beck, 1969) has also been identific:
significant factor in increasing suckling animal uptake
in the gut. This involves ilcal pinocytosis of lcad i
micelles (Henning and Cooper, 1988). Once pinocytoze
lcad remains sequestered in the cell, and can be cow
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Figure 2 Schemauc diagram of various rowtes of lead uptake from the intessinal lumen. (Source: Morton et al . |9

contributing to body retention without necessarily contributing
1o lead in blood. Epitheiiai desquamation then resuits in simple
climination. Consequently, such uptake does not transiaie to
more lext entering the general circulation.

The level of ontogenic concordance in gut maturation
between humans and animals in the neonate and suckling period
is not high, inasmuch as the human newbomn stans life with a
more mature Gl tract than the neonase ru (Henning, 1987). On
the other hand. acid and pepsin production rates in children do
not approximate adultl leveis until about two years of age
(Christie, 1981; Deren, 1971), and some food proteins may be
more readily taken up in infancy than lster, suggesting a
pinocytotic mechanism (Walker, 1985: Henning, 1987).

Limited information exists on changes in Pb uptake in the
ageing mammalian GI tract. In human populations there appears
10 be a modest falloff of lead body burden owing 0 cither
metabolic or diewary changes (e.g. US EPA, 1986) after age 60.
The post- menopausal female segment acwally shows an
increase, probably due to bone mincral changes and enhanced
bone lead resorption (Silbergeld er al.. 1988). In the ageing rat,
oral dosing at 50 ppm lcad is associated with an clevated biood
lead level compared 0 the younger adult, but this difference

does not persist at higher dosings (Cory-Slechta ¢t « 9%
Cory-Slechta, 1990a). These swudies suggost that agsmg @ey
affect tissue lead distribution and lead excretion more éam Gl

. upeske (Cory-Slechia, 19908.b; Cory-Slechaa et al.. 1999

Inseractive-relationships of lead in the Gl traci

Lead absorpuion from the GI ract of humans and expenmensal
animals is markedly affected by the presence or absemces of
ather bioactive agents in the gut, particularly cerain classes of
nutrients (Mushak, 1987b; US EPA, 1986; Mahaffey. 1982).
Such interactions augment those which occur elsewhere widun
the body and help to define overall lead toxicokinetics and lead
ity in

An integrated expression of such interactive bechaviour is
the full diet cifect, as seen by the impact of meal scheduling on
lead uptake in the human gut. James et al. (1985), using human
volunteers ingesting labelled lead (Pb-203), found that when 2
meal was taken 12 hours before tracer lead ingestion. |abel
retention was about 62%. A similar percentage was found when
meals were consumed seven hours after label ingesuon on an
empty stomach. Shoeter periods of labei-meal scparation qave
intermedialc retentions, while the lowest retenuon. about 5%,
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Preparaucn Subjects Oucome’ Reference

Surma Case repont

Severe Pb poisoning

Warley er a1, 1568

with enczphalopatny

Surma Asian children (n = 37)
using ‘surma’ vs Asian
congols (n = 25)

Surma Asian children using
‘surma’ vs conuols

Al kohl Kuwaiu infants <6 months
old(n = 4)

Mean Pb-B = i.7 umol L™
for ‘surma’ children vs
1.0 wmol L~ for controls

Significandy elevated mean
Pb-B over controi Pb-B

Acute Pb poisoning

Alierai, 1978

Green e: al., 1979

Femando e ai.. 1981

* 1 umol L™ Pb-B = 20 ugdL™".

occurred with co-ingestion of meal and label. These results are
in accord with a number of other swdies showing the inverse
link of lead upiake with levels of nutrients in the guL

There are vanous categories of lead interactions
applicable w0 GI behaviour of lead. While these can enuil
toxicant-toxicant interactions (o0 some extent, attention has
mainly been on iead-nugient interactive behaviour. Interacoons
can be synergistic. additive or antagonistic, and in some
important cases inginsically antagonistic agents can appear 10
function extrinsically in a synergistic way due to their
deficiencies during lead exposure, e.g. caicium-~lead
interacuons.

There are many interactions with lead in the GI tract that
have been described in the literature (see US EPA, 1986). but
some have more obvious and recognized impeacts on public
health risk than others (Table 4). Two nutrients that figure
prominently are calcium and iron. Phosphate and vitamin D
metabolites are also important, but are not as fully characterized
epidemiologically. Lead interactions with zinc, protein, fats,
sacchanides and natural chelators are known principally from
studies in experimental animals.

A number of lead exposure popuiations have been studied
in terms of calcium status and its cffect on such measures as
blood Iead. This inciudes relevant data in the large and
comprehensive Second National Health and Nutrition
Examination Survey (NHANES II). Mahaffey et al. (1986)
reported a statistically significant inverse associstion berween
dietary Ca intake and blood lead using data gathered in the
NHANES 11. This large analysis is consisient with balance study
resuits of Ziegler er al. (1978) for infants and various
investigations of the interactive relationship in high-risk
children (Johnson and Tenuta, 1979; US ATSDR, 1988) and
adult volunieers (Hcard and Chamberiain 1982).

Numerous animal studies have described the quantitative
and mechanistic aspects of Pb-Ca interactions in the
mammalian gut, and thesc have been reviewed (US ATSDR,
1988. Mushak, 1987b; US EPA. 1986: Mahalley, 1982).
Mechanisms of inicraction in the gut include a temary
interaction of Pb, Ca and phosphate (Heard ahd Chambertain,
1982; Smith e al., 1978) and competitive upsake of Pb on Ca

carrier protein (Barton et al., 1978), which would te
saturable transport process (see above). Thai tne
interaction is a robust one can be seen in the saxdvy ¢ ..
al. (1978) where an invurse comrelauon of absortey ™
intake was seen at intake leveis of Ca witus e n
recommended daily intake. :

The large NHANES 1[I database has aiso bees
terms of Pb-Fe interacoons in children at the agas o8 g
deficiency. Iron status has been shown 10 be mverwr
10 blood lead, i.e. ron deficiency 1s associated wah Sugte
lead leveis in this survey (Mahaffey and Annew. . &
and Schwarnz, 1987). Other repons showing Ums rews
and involving high-risk children have appeared (¢ ¢ Y
1981).

As with Ca, a number of animal models of @
interaction have been described in which Fe defs
produces increased Pb uptake/retention. The Fe-Pd e
is quite compiex mechanisucally, but it can be s
deficiency stimuiates iron absorption and this sum
enhances Pb upake via sie binding at inestinal receps
the nutmient (Morrison and Quanerman, 1987).

Are the lead-nutrient interactions metabol
reciprocal, i.e. do alterations in levels of entenc lead
nutrient metabolisms in the same way as the reverse.
simple glance, they might be expected 0 do so but they a
and for a good reason. Lead is non-essenual and xenc
while elements such as iron, calcium, e«c., are essenual nt
under tight homeosiatic control. It is reasonable
xenobiolic agent can ‘piggy-beck’ on one pan of the
homeostatic control pathway for nutrients, as in Pb bin
casrier proteins in nutrient deficiency. Fully reciprocal be
would require that Pb effectively obliterate ught home
conuol of nutricnts, something which is highly unlikely 2
than very high Pb exposures. Lead would, therefore, |
robust in-aifecting Ca-er Fo upmke than the reverse.

This may explain why deficiencies in Ca and Fe e
Pb upiake but the cnhancement does not persist lincari
repiction or excess (e.g. Mahaffey-Six and Goyer.
Morrison and Quarterman, 1987). Homeosuatic ¢
applicable to adequate or excess. rather than inade
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gulrient 1S operauve, whatever the level of Pb present.
Furthermore, Pb can funcuon 10 alter Ca mewbolism in ways

than direct. recrprocal interacuon. Fullmer and Rosen
(1990) found that Pb affects Ca metabolism prior w0 caibindin

D synthesis via the cholecaiciferol system in expenmenual

anumals.
Overview of bioiogical factors in Gl upiake of lead

One can conclude that there are different mechanisms for Gl
upuake of lead in humans and experimental animals. and these
are graphicaily summanzed in Figwe 2. As summanzed by
Morton er al. (1985), uptake of lead can include parucipation
of the soluble, divaient Pb cation or various soluble compiexes.
Simuitaneously, some sizeable fraction of divalent lead ion will
be forming relatively insoluble, excretable lead complexes, e.g.
hydroxide, bicarbonate or phosphate/mixed phosphate.
Mauurity of the GI ract and nutRent interacuons affect these
processes.

Uptake of lead ion by paraceilular means. i.e. diffusion
through ‘tight junctions’, has beea shown in one study to be 2
major route under certain expentmental conditions (see above).
There is supporung evidence for this in other studies of
clements and their interacuons with ‘tight juncuons’.

{nraceilular lead uptake is the route that has been studied
and most accepted as the principal pathway in expenmental
sysiems. Such uptake is consistent with sawrable, active
transport as weil as some passive diffusion. Diffusion most
likely invoives a neutral compiex or other lipophilic form,
Binding of lead ion 10 receptors in the enterocyte that serve for
acuve transport of Fe and Ca wouid account for actve rransport,
This dual mechanism of uptake appears 10 be one explanation
of the non-linear nature of the relationship of lead dose in the
GI tract and lead in blood or other biological marker.

<

Biochemical/Biophysical Factors in the GI Absorption of
Lead

Some biophysico—chemical factors which affect the GI uptake
of lead in human populations are of imporance, and they
include GI solubility, particle size and reactivity of the ingested
lead- containing chemical mawrix with reference 0 in vivo
mobilization. These factors are not intrinsically biological but
they operate within, and interact with, the bioiogical
uptake/intake compartments to affect bicavailability.

_ These factors take on added imponance whea one
considers the chemicaily and physically diverse exposure media
ingesied by popuiations at risk: tap water, beverages, baby
foods, aduit diets in general, lead in urban dusts and soils arising
from input from mobile emissions, paint and sutionary sources,
lead in communites impacted by lead producuion and use, ie.
secondary and primary lead smelter emissions and tailings from
ore milling, lead batiery plants, etc.

In vivo bioavailabiliry versus in viuo behavior

One factor of concem in the GI handling of lead is the extent
to which lead can be dissolved or otherwise mobilized with the
ingestion of ccriain media, and movement 10 the stomach and
small intcstine. This especially applies o lead in those chemical

forms considercd 0 be inent by typical in vitro reacuvity
criteria. For example, it is imponant to keep a distinction

between lead mobilizauon from media in the human swmach
and simple solubility lests mtended W sumulate such compiex
acuvity. The later are refatively crude sumulatons of events in
vivo, given that the human stomach harbours significantly basal
acidity. has a large capacity for susiained acid output in
response w0 sumuiauon oy acid-consumung ingested matenai.
and may have, 1n 1ts gastic fluid. substances other than just
hydrochloric acid which can interact with the lead ton (see
below)(Merki, 1988; Konturek, 1981; Davenport, 1977;
Connell, 1974).

The resting pH of the gastric fluid in children is about {
(Connell, 1974), while sustainable gastric acid output with
stimulation can approach 150 mequiv L', depending on such
factors as the gastric oxyntic (panedal) celf mass (Konwrek.
1981; Davenport, 1977). In addition o gastric HCl there are
zymogens (Urypsinogen, pepsinogen. renninogen), rypsin,
pepsin. rennin and electrolytes (e.g. Davenport, {977).

The complex interactions of the GI tract with lead can be
illustrated in the in vivo behaviour of various chemical forms of
lead. Lead sulphide. a chemical form of lead considered less
bicavailable than the chiloride, sulfate. or organic chelates. has
a simple solubility product constant (K'sp) of 3.4 x 107°8 but is
extensively solubilized by acidic gastc juice w lead chlonde.
Ksp = 107~ (Healy er al., 1982). Such reacuvity lowards gastmc
juice probably plays an important roie in the reporied
bioavailability of this species, particularly when used in ethax
preparations such as the (conjunctival) eye cosmetic known as
‘sunma’ in Asia and ‘al kohl’ in the Middle East. As noed in

Table S. the suifide in such preparations has been documented ——

as causing elevation of blood lead o toxic levels (e.2. Altet al..
1978; Green es al., 1979) and overt lead intoxication (Warley ¢
al., 1968; Femando et al., 1981).

Interestingly, ‘surma’ is Urdu for antumony and this
metalioid was the element historically used in the sulfide
preparation. The recent change 10 lead for economic reasons
accounts for the rather recent histary of toxicity risk associated
with the use of this cosmetic preparation.

Several studies of lead sotope uptake i the_human gut
mmmwmmmmemmemtnu

measurable or comparable bioavailability 10 that of forms
considered much more i

. thatlead an the ,alﬂe»\vh-wmrmgmahorm

fasting, was absorbed to the same amount as the lead chloride

or cysweine complex. [n fasting, there was 35% uptake for ail
‘three forms. Chamberlain et al. (1978) found that the suifide
was absorbed 10 the same degree as the chioride with meals. but
less in fasting. The difference with fasting conditions for the
sulfide in the two studies may reflect differences in parucile size
of the suifide (see below),

Particle size and bioavailability of lead
Particle size of lead-bearing media i uammpomnt factor in the
emenc mobilization of lead.

Baritrop and Meek (1979) reported that panucle size of
lead in several forms was a significant determinant of blood lead
in rats fed the toxicant. The smaller the panticle, the higher the
blood lead level. The most pronounced cffect was seen with
meillic lead, indicating that relative ease of both oxidation ©
the divalent state and dissolution were factors of imporance.
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[CURA hat e sxient o .ead su.nde
solubtity (n ZasC rwce (i viro was inversely proporucnal o
parucle size. parucies of 30-um diamewer bewng much more
soluble than likke matenai of 100—un diameter. According o
Healy er ai. (1982), lead sulfide was found in cosmeuc
preparauons fsee eariier discussion) in parucle sizes ranging up
to 100 um. Since the sulfide-based cosmeucs, whatever the
parucle sizes. all appear w0 be associated with elevated blood
lead and/or toxicity nsk (see Table S), the cosmeucs with
100-um parucles of lead suifide contain relauvely bicavailable
lead. A sulfide parucle size of 100 um is also within the range
of concern for general bioavailability of lead encountered in
lead-bearing dust and soil media. Theoretically, as particle size
decreases. the Noyes-Whitmey dissolution law dictaies that the
substances will become fully soluble at a sufﬁcxendy small
mean diameter (Healy, 1984).

These laboratory data augment extensive epidemiological
and environmental evidence pointing to the importance of
particle size of lead-comtaining media. Firsy, diverse studies
document increased lead absorption in children in urban
(Bomschein er al., 1987; Brunekreef er al., 1983: Lepow et al.,
1975), smelter (Roels et al.. 1980) and mining (Bomschein e¢
al.. 1989: Gallacher er al.. 1984a) sites as a direct function of
hand-lead concentration. Secondly, there is an inverse
relationship of soil/dust particle size 10 the amount of matenal
adhering 10 hands (Duggan er al., 1985: Que Hee er al., 19895).
Lead-bearing particles of < 100 mesh (<150 um) not only
adhere most ughty to children’s hands (Bornschein er al., 1987;
Duggan er al., 1985; Que Hee ef al., 1985), but are readily
mobilized tn gastric or other acidic media (Healy er af.. 1982;
Day et al.. 1979: Hasrison, 1979). Finally, the smailer the

soil/dust panicle, the higher the relative concentration of lead .

and other ¢lements (e.g. Van Borm et al., 1988; Spiuler and
Feder, 1979).

The lead-comaining marrix and lead bioavailability

Matrix effects on lead bioavailability, in the form of interactions
of lead with various nutricnts in the diet, have been described
in an eartier section. The impact of icad-containing non-food
media of a geochemicai or formulary origin, ¢.g. gcochemically
diverse soils, gangue matrix in mill tailings or crushed ore (e.g.
silicate, barite), polymerized oil film in leaded paint, on

gastroiniestinal bicavailability hes not been exeasively studied-

as a separaie {(actor.
This is particularly the case for lcad-contaminaied soils,
dusts and such geochemicaily related media as metlliferous are

particles and mill tilings. Aveilabls data make it clear that the

levei.of physical.gad chemical heterogeneity within and among
thess meckin. is considerable, and this facior would be reflected
in lead bicsvailability. Part of these difTerences are auributable
1o the already discussed parameters of chemical speciation and
particle size. Matrix effects on i wivo lcad bicavailability 1ake
on increasing unportance as the wxicity threshold for risk
popuistions continucs to be Tevised dowaward. With current
concemns ‘sbout Pb-B levels sianting at a blood fevet of 0.5
umol L=! (10 ug dL-!) (Mushak ef al., 1989; US EPA, 1989,
1986), even those media from which lcad is only modcrately
bicavailable now take on significance.

Few controlled clinical or experimental animal studies of
medium matrix cffects on lead bioavailability have appearcd
(refer, however, 10 several animal swdics described in these

- smsd o
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Swota data (o indirecdy assess lead bicavaiaciiwe
commoniy done by analysing rejationships of 2x-
oxicity biomarkers w lead levels in vanous source
Tnedia. Table 6 sews forth illusurauve results with huma
2xpased W dust and soil lead contamunated by such -
paint and aunosphenc fallouL it must be rememoereq
studies of environmental exposures as those in Tatle
an integrated measure n biood of bicavaiiability irom
dominant sources of exposure. Bioavailability assess
way is commoniy compared to other surveys and usua
be fractionally apportioned o each of the specif
present, ¢.g. leaded gasoline combustion. leas
weathering, point source emissions, without apy
statistical, environmental or other analyses.

Soil and/or dust lead arising from pant weau
chalking (Bomschein e: al., 1987; Clark eral.. 1987
and Harrison, 1985: Chamey er al., 1983: Siark et ¢
and atmospheric fallout from mobile sources (leaded
(Lyngbye ef al., 1988 Brunekreef, 1984: Rabinow:
1984; Brunekreef er al., 1983) or point sources (smeh
CDC, 1986. Angle et al.. 1984; Yankel eral., 1977 n
widely associated with significant contnibuuons w *
dentine; Lyngbye er al., 1988), especially when ¢xama
regard (o blood-lead elevation rates per unit inCrease
lead

Quantitative swdies of lead source apporuos
househoid dust and child hand lead indicate that weey
lead is a significant contributor o Pb-B in children re
old housing of older urban areas, partcularly housing
of deterioration (Bomnschein er al., 1987 Clark er u
US EPA, 1986; Farfel, 1985; US CDC. 198
well-established bioavaulability of lead from pasm
amplified by the persistence of such dust even with jeac
abstement. In a number of studies, failure 10 remove
associated with abatement either limits the full redu
Pb-B leveis (Chamey e al., 1983) or may even lead u
higher exposure (Amitai e al., 1987; Rey-Alvarez e1 al

As can be seen in Table 6, urban and smelter
produce a wide range of blood-lead incrementss pe
mg PB kg~! soil/dus. The US EPA (1989) has esum.
average slope for point sources, i.e. change in biood |
1.000 mg Pb kg~! medium, as being somewhat abc
umol L~! (2 ug dL-!) per 1,000 mg kg~!, but slopes for
sites cover a very broad range. The high end of the siog
can be assumed 1o reflect some complex mix ¢
bicavailable lead in media and higher host vuinerani
EPA, 1986, 1989).

Transponable workplace lead and then conamin.
these workers’ homes where preschool children res
produce both clevated body-lead burdens and toxicity
and Mushak, 1982: Dolcoun ef al., 1978; Baker ef al.
Milar and Mushak (1982) and Baker ef al. (1977) no
blood lcad begins 0 be affected at exposure leveis o
mg kg~! dust using a Pb-B levet of 2 pmol L' (40
as threshold. The present level of concern of 0.5-0.75
(10-15 ug dL™") (Mushak et al.. 1989; ATSDR. 1988: L
1986) wouki presumably show a more robust respon
Icad-bearing mcdium at issue is highly ennched in e
such lead is relatively quise bioavailable (e.g. the oxide

.........
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Table 6 Seiected epraemuoiogical studies of dust and soud iead umpact on chuldren.

Study group

Stwdy design

Results™

Reference

Leaded paini contnbwions

Cincinnau. Chio
inner-city children

New Haven. Ct
inner-city chiidren

in 3 age bands: 0-1,
2-3,4-7 years *
High-risk Baltimore,
MD, children 15-72
months-old w/elevated
Pb (n = 14) vs controis
(n=135)

British environmental
sample study

Leaded gasolineifallous
Nursery school
children 4-6 years

old (n = 195) in

city and suburbs

Urban Danish childrea
(total £ = 1302)

Mainly middieclass
Boston infants studied
longitudinally

(n = 249)

Smelter sites

Children living
varying distances from
closed smeiter in
ldaho

Omaha inner-city
children near

primary and mondary
Pb smelter

Operating smelter
community in [daho
children 1-9 years
old stratified by
distance (n = 919)

Mulu-regression analyses
of Pb—B versus surtface
dusysoul scrapings with
significant paint input

Pb in house dust at
differing levels with
leaded paint as a vaniable

Dust Pb in test homes abated
by cleaning (eam and Pb-B
monitored =™

Quantification of paint Pb
input 10 street and household
dusts; paints had moderate Pb

Pb-B vs air Pb relationship
integrating Pb fallout from
mainly auto emissions in air

Case-referent suidy of Pb in
shed teeth vs traffic density
and ages vs traffic Pb

exposure

Eavironmental and Pb-B levels

measured up 10 24 months age
Dust/soil Pb would reflect
traffic density by fallout

Analysis of dust/soil Pb and
Pb-B vs distance {rom smelier
for relationships

Statistical analyses for

direct plus indirect
(soil/dust) Pb from emissions
in 1,075 sampies

Multi-regression analyscs
of air, dust and soil Pb
vs Pb-B

Effect sxzc of 100-1.000
mg kg' sun'acc scrapings =
0.115 umol L™ per

1,000 mg Pb kg

Children 0-1 years old showed

aslopeofozwnolL per
l(XDmngkg

Pb-B of children with dust Pb
removal decreased 0.35

umol L™}; dust remumed to old
levels quickly. No correlation
Pb-B vs dust Pb

Paint Pb in street dusts up to
20%. and up to 15% in house
dust; higher paint Fb would
have higher % input

Antdmswdslopeot‘0425
;.unoll. perungm

Pb-teeth were significantly,
positively correlated with
traffic density at ages
0.5-2 years

Pb-air and Pb-B highly
cmdned.slope-ﬂ-ts
u.molL perugm -

Dnﬂ‘m n Pb~-B of 0.45
wmol L™ for dust difference
of ~2,800 mg k, ! and soil
~ 3,000 mg kg~

Slopes:
ArOlumolL u; 'm?
SaL0.34umolL per
1,000 mg kg™
Du:oss;umu."pe
lmomskz

Soil: 0.055 pmol L"
1,000 mg kg™

Dust: 0.01 umol L" per
1,000 mg kg

Bormnsche:n er ai., 1987

Clark et ai., 1687

Stark et al.. 1982

Chamey et a!.. 1983

Sturges and Hamon.
1985

Brunekreef ¢1 @ . |90
Brunekreef. 1984

\\

Lyngbye et u 'l

Rabinowiz et of . 1984

CDC, 1986

Angle er al., 1984

Yankel et al.. 1977

* 1 umol L' Pb-B = 20pug dL™".




Table 7 liuwes of iead pwoavatlabuiiry v areas with MnNg-Te.363 wdsiel

Study group Study design Resuits’ Reference
Children
English chiidren Pb-B and Pb—soil srranfied Slope = 0.032 umoi L™ per Barlzoop, (97¢

n mumng area
(Derbyshure) or controi
site (total n = §2)

Australian chiidren in
mining own w/ mli
tailings vs control
town (total a = 181)

Children 1-3 years
old (n = 61) and
mothers (1 = 58) in
Weish moung area vs
control lowns

Children <72 months in
former mining wown

in Colorado

(n = 150; 63% total)

Children < 72 months

in snother former
mining town in Colorado
Colorado

(n = 94) vs conarols

Children in Alaskan
community with lead
ore terminal

Mill and mine workers
Ore mill workers in
Missouri lead belt
(n=1S)

Lead miners (n = 89),
flotation mill workers
(n = 19), grinding/
begging workers (n = 8)

Ecological bioca
Pet dogs (n = 129)
grouped by location

Longear sun fish
(Lepomis megalotis)

Suchrs
(Pisces: Catastomidae)

Riparian wildlife,

S spacies: bullfrogs,
muskrats, green-backed
herons, waler snakes,
swallows

by three leveis. No conuoi
for other sources, QA/QC
unknown

Analysis of relationship
of Pb=B in tailings town
v control site: 75% of
children >7 years oid:
25% 5-7 years old

Analysis of Pb-B vs hand Pb
(pica) in children: Pb-B vs
vegetabie Pb in mothers

Mubti-regression of Pb-B vs
sources, Pb-B distnbution
aiso reported

Multi-regression of Pb-B vs
environmental Pb sources.
Pb-B vs Pb—soii in 18 month-
old children

Pb-B survey of children,
older residents, 1988 and
1989

Pb-B and Pb—urine vs Pb-towal
air or Pb~respirable air

Mean Pb-B levels for three
worker categories

Statistical comparison of
mean Pb-8 levei for dogs in
mining, smelter, urban and
rural sitas

Pb-B and wxicity messured
from uwiling contaminazed
river vs. control site

Pb-B and hematotoxic indices
in tiling-impacicd vs conwol
rivers

Compaerative tissus Pb levels,

downstream vs upstream areas

in tailing-contamunated rivers

1.000 mg kg™

Statisdcally significant
differences in Pb-8s in
two lowns

Children’s hand Pb was
imporunt contnbutor to Pb-B.
Mining area Pb-B > conwois
(p < 0.05). Mother's Pb-B in

mining area > controls (p < 0.0001)

Amhmascl;eomemc?b—ﬂ
mean a 0.51/0.44 umoi L™
Pb-B/sodeslope:OZst
umot L™ perlOOOmgk;
Pb=B values increased at soul
Pb > 500 mg kg~
Pb-B>05u.molL' =41%
Pb-B > 0.75 umol L™ = 15%

Arithmeuc mean 0.3 umoi L™
Effect size (for range of 100

to 1000m| k; soil) 0.185
umot L™ per 1,000 mg Pbkg™';
Pb--B correiated w/ hand Pb up
to 24 months oid

1989 survey: 2% Pb-B > 0.5
wmol L™ for 0-18 yewr-oids.
No analysis of Pb-B vs media Pb

No significant correlston of
Pb-B with respirable or total
Pb—sir excepe for non-smokers:
mesn respirable air vs Pb-B

(r =094, p = 0.01)

ManPb—Bolnuna:-lO
u.moll.. mnlwodms-
2.73umoll.

ggETS
(Feb l982:uwcy)-61ml'mlL'l

(May 1982 survey after clean-up)
=355 umol L™

Pb-Bs of mining site dogs
significantly higher than
thoss m other groups: 15%
of thess Pnde-B >1.78
umol L™

Pb-B elevated; depressed
8-ALA-D activity; bone
and collagen impairment

Elevated Pb-B. depressed
5-ALA-~D activity

4 of § species had significant
elevations of Pb in tissues
due 0 wuilings impact

Heyworth er ai., 198

Gallacher. 1984ab

Colorado Deparunen
HealtyUS ATSDR.

Bomschem er ai . (9

Maddaugh. i949

Roy @ ai.. 1977

Doman et af.. 1986

Koh and Babndge, 19¢

Dwyer et al.. 1988

Schmitt e af.. 1984

Niethammer er al.. 19:

* | umet L

Pb-B = 20ugdL™".




Swdies of muning siies and associated wasles Nave ceen
gpomdic and have generally been hmited n stagsucal design

" and quality assurance/quaiity conrol. but they indicate that lead

in mining waste can be bioavailable, based on stausucal
associauon, with the extent of bicavailability varying with
composiuon of these heterogeneous wastes (Table 7). The

_ extent of such bioavailability relative to other dust and soil input

sources. however, remains 10 be fully established in 1erms of
specific physicochemical and geochemical forms and ongins.
Such lead sources as weathered mill tailings, unprocessed
ore spillage or waste rock overburden are physically and
geochemically distinct medis, and would be expected 0 be
bdiocavailable through differenu mechanisms and to have different
bioavailability. Given the recent emergence of these types of
sources in the environmemai epidemiology of lead, because of
continuing downward revisions in the levels of lead exposure
deemed acceptable (Mushak er al., 1989; US ATSDR, 1988; US
EPA, 1986, 1989), it is useful to autempt 10 evajuate
bioavailability aspects of such lead-containing media (Table 7).
Barizop (1975) compared a lead mining community with a
non-mining site in Derbyshire, UK, and reported that there was
a modest biood lead rise in the mining area children versus
controls. i.e. an approximate 0.3 umol L' (6 ug dL-!) rise in
Pb-B when mean soil lead differed by 10,000 mg kg~!
(Tabie 7). This study provided no conuol for lead intakes from
other media for both sites and did not uulize any apparent
QA/QC protocol. Plus, the high calcium content of Derbyshire
soils limits applicability of results to other site soils.
Heyworth et al. (1981) reported that an Australian town
with widely dispersed lead-mill tailings showed statisucaily
significant higher Pb-B levels in the town'’s children compared
10 a reference town without mill tailings. The significant
difference was seen despite the fact that three-quarters of the
tailing town children were over seven years of age; younger
children in the 24 years age range who ingest larger amounts

of dust and soil would be expected to show an even more robust -

response.

Several reports by Gallacher eral. (1984a. 1984b)
indicated that lead exposure (0 mining waste in 2 Welsh mining
area, compared with a conaol site, is associated with sufficient
bicavailability of the wxicant o elevate blood-lead leveis,
either by direct contact by children from | 0 3 years old with
leaded material on their hands (Gallacher er ai., 1984a) or via
lead transfer t0 garden crops and subsequent consumption by
women in the mining community (Gallacher er al., 1984b).

A detiled epidemioiogical study of a Colorado (USA)
mining town heavily impacied for more than 100 years by
smeiter, mill and mine waste was recendy reponed. with data
on children’s blood- lead levels and their sources (Colorado
Deparunent of Health, 1990). The survey centred on young
children and included measurement of blood-lcad levels and
inferential statistical amalysis (siepwise forward regression) of
blood lead-environmental media relationships. Most of the
town’s children <72 months old (63%) parucipawed. The
arithmetic and geometric mean Pb~B levels were 0.50 pmot L
(10.1 pg dL-') and 0.44 umol L' (8.7 ug dL~) respectively.
Children with Pb-B levels >0.50 umol L~ (10.1 ug dL-Y), a
cusrent level of concem. comprised 41% of the sample: levels
>0.75 umol L~! (15 ug dL-') constituted 15% of thesc childresv
Pb~B levels had a gcomeuic standard deviation of 1.79, most

likely reflecting an epicenuric (‘hot spot’) mix of exposure -

s0Urces. The sTongest SAsSUCAl Ass0C.aUoN was [Cund Xers e
child Pb-B and soul core sampies with odds ranes snowing nat
soul Pb >500 mg kg~* prouces eievated Pb-B in these cniidren.
A slope of 0.24 umol L~ (3.8 ug dL=%) per 1.000 mg Pb k3™
soil, over the range of 100-1.000 mg Pb kg~* soul, was
calculated.

Bornschein and co-workers 11989) examined the
relationship of blood lead in chidren in another former lead
mining wwn in Colorado, and found that young children were
exposed (via the hand-lead pathway in those of 24 months cld
or younger) to leaded dust and soil-surface lead sufficient w
elevae child Pb-B, in a relationship of 0.1-0.2 pumot L' (2
ug dL-') Pb-B per 1,000 mg Pb kg~' in the soilsurface
medium. This study does not permit precise identification of the
type of mining waste at issue, ¢.g. weathered mill tailings. ore
spillage or weathered waste rock. but the iaverse relauonship
of biood iead with distance from the raiiroad line and the (lood
line of the jocal river, as weil as no refationship to distance from
the tailings site, suggess that the source of iead exposure s
more apt 10 be cumuiative loss of rail-borne ore rather than mull
tailings.

Two surveys of blood lead of children and older remdents
in an Alaskan community with an ore-loading terminal made n
1988 and 1989 (Middaugh et al.. 1989) do not permit
conclusions (Table 7) as 10 whether blood lead in very young
children can be elevated by lead ore exposure. The chiid sampee
size was small and no statistical analyses of Pb-B versus iead
in ore or other media were done. The percent of subgects 0-i8

years old with Pb-B over 0.5 pmol L-! (10 pg dL™". rnge——

0.55-0.66 umol L") in 1989 was found to be 1'%
Freshly-mined ore with a significant number of large parucies
and a relatively more intact gangue mawix may mot be
comparable in lead bioavailability to other mining-reissed
wases, ¢.g., weathered mill tailings (see below).

Steed et al. (1990) have attempted to help define the level
of bioavailability of lead in mining-related matenal by
inciuding an analysis of the reistionship of ore-miil lead,
presumably mainly geochemical lead suiphide. 10 worker
blood-lead levels. Such comparisons are highly limited in valye
for exposures of general populations o historcal mine wasie
since: (1) the principal focus for heaith nsk assessment n
leaded mine waste exposures are very young children and
pregnant women with a range of vulnerabilities and exposure
rates, not adult workers who absorb much less lead compared
to children, and who exhibit the well-known ‘healthy worker’
effect, and (2) workers are exposed to freshly-generated
pasticies or ore and ailings rather than the weathered and more
bioavaiiable materiai of, say, oid tailing piles.

Nonetheless, several workplace studies have auempeed w0
examine mill tailing and reisted extractive process forms in
terms of worker blood-lead levels. These studies vary as ©
design quality and worker sample size. Roy eral. (1977)
surveyed 15 ore mill workers for complete swudy for the
existence of air lead-blood lead relationships and found a poor
corretation of respirable or total air Pb versus Pb-B across the
group, i.e. no apparent blood lead-air lead siope. The main
exception to these findings was the relationship of respirable ais
10 Pb-B of non-smokers.

This is not surprising, given the generally poor
rclationship for air lead versus Pb-B found by the large studies
of many workers by Ganside ef al. (1982) and Bishop angd Hill

J——
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Pb—B 1s expluned by workpiace air lead. The studies of Bishep
and Hill 11983) and Ganside et al. (1982) are supported by the
epidemioiogical studies of Chavalithikikul er al. (1984) who
documented an associaton of workplace surface dust lead,
facial lead and hand lead with Pb—B levels in bautery workers.
In a later study. Doman (1986) reported group mean Pb-B
resuits for three work categories associated with lead ore mining
and processing: lead miners. miil workers using froth flowauon,
and grinding/bagging empioyees. As noted in Table 7, the
miners showed hardly any elevation in Pb-B, while there were
sigmificant mean Pb-B elevations for 19 flotation workers and
for 8 dry-gninding and bagging empioyees (Table 7)

Bioavailability of lead in mining waste sufficient w0
elevate blood lead has also been documnented in terrestrial and
aqualic biowa (Table 7). Koh and Babidge (1986) reparted that
domesucated dogs (n = 129) in the lead mining community of
Broken Hill, Australia, had significandy higher mean Pb-B
levels than groups of dogs from any of three other sites,
including one having a lead smelter; 15% of the dogs had a
Pb-B of 1.75 umol L~! (35 ug dL-") or higher.

In the longear sunfish (Lepomis megalotis. Dwyer et al.,
1988) and species of suckers (Pisces: Carostomidae; Schmitt
et al., 1984) exposed w leaded miil wilings enenng the Big
River of Missount’s ‘Old Lead Belt’, it was found that blood
lead was significantly elevated, and there was marked inhibition
of d-aminolevulinic acid dehydraase (5-ALA-D) activity.
There were aiso marked adverse changes in coilagen and bone
of fish (Dwyer er al., 1988) exposed w0 lead and other toxic
ciements. Likewise, four of five specics of ripanan venebrates
along two nivers in the Missoun lead mining region were found
io have lugher Pb burdens than those biota from a reference site
(Niethammer er al., 19885).

Of direct relevance 10 the human and ecological lead
bioavailability studies are several reports describing such
parameters of mill-tailing lead as solubility, chemicai form
speciation and partucle size. Mill tailing loachability data of
Harwood (1984) showed that 55-69% of lead in these tailings
were bound as oxide, suiphaie or carbonae, depending on
exuraction medium.,The suiphide amounted o only 7% of all
chemical species present.

A detailed study of mill wilings was recendy carried out
at a Superfund site in Ulah (Montgomery Engineering, 1989)
and included parucle-size distribution and xic metal content
studies. Study results, gathered under the rigorous QA/QC
requirements of the US Eaviroomental Proseciion Agency's
Superfund sise evaluation protwocols, showed tha about 50% of
lead in icad ore mill tilings was exwacmble by ammonium
acews solution (i.e. was present in oxidised, i.e. non-sulphide
forms). Tailing particie size distribution analysis for composite
susface pius core sampies showed over 60% of perticics were
of smaller diameter than 100-mesh and about 25% of panicles
were 10 um or less in size. [t was aiso found, consistent with
the results of van Borm eral. (1988) and Spitder and Feder
(1979), described earlicr, that the majority of wial mass of lead:
and other w2 clements were ©0 be found on the smallest
parucies of wilings.

A sccond investigation of the Uuwh site is that of Drexler
(1990 contract report; articie in prepuration) who carricd out
microprobe geochcmical structural analysis of wilings, smelter
slag and contaminatcd residential soils proximate o the tailing

Al COSTICA STECLEICA SNGISS ST S QLA Ny
contaminated sous showed that lead was pragen
».onsxdcrable numper of chemucal forms. witn leag 5
often being the minor species. in addigon, auding pamc:
contamunaung parucles in residenual soils were crieq «
be less than {00-130 um 1 size.

Overview of blophysico-chemucal factors in Gl lead-upr,

All lead that enters the human GI tract exisis g
chemical/geochemical form, 15 often present in pan;
material of highly variable size (diameter) and 1s encic
some matrix which variably interacts with the bwxn
milieu of the GI wract, parucularly basal and induced

acid.

Many forms of lead are rendered bicavaslatis
human GI tract, and the behaviour of various chemecas
of lead in vivo is not well mimicked by such simpie s we
as solubility. For example, lead sulphide which + age
precise dose or inadvertently by populations usimg e ¢
cosmetics is absorbed extensively depending on pana
and is also associated with documented toxicity

Lead bicavailability in the human Gl ract » o= @
affecied by particie size, particulariy for diamews v -
or less, based on epidemiological and expenmemas s
enhanced bicavailability in smalier sizes, what essusm
at a theoretucally determinabie smail particie s »~ e
by the known higher retention of dust icad e» e» =
children for particles below 100 um.

The chemical/geochemicat mawrix in wiesh agem
is found can be vanably transformed in the Gl ym+ we
reiease of bioavallabie lead. A major mechansws
uansformation is to be found in the siomach. w o &
both basal and induced gastric juice. The lcad-em amng
of ingesied lead is quite diverse in compomsss ®
determines the relative ease of lead relcase. Winis o o
chemical form and the particle size of the ag-am
material are known determinants of reactivity. ¢ e
composition is also impornant

The biochemical matrix of human diets s s
influence on lead absorption, operaung pnacgpedy ¢
nutrient-lead inieractions discussed in this arocte.

Non-dictary matrices, such as lcaded posm
lead-bearing dusts and contaminased soils, are sssocame
a range of bioavailability. Poteatial or docem
biomvailsbifity of lead in dusts associated wywh asmos
peocess wame ss ore tailings have been documenssd. Mo
there are gradations of bioavailability within these masrus
In minenalogicai media, the available evidence colle

tha lesd in weathered mill tailings would b
bicavailable than lead in freshiy mined ore. which i m
be mqre. bipayailaghle than the element in weat
overburdes smine sock.

As the tolcrable levels of lcad body burden in hum
populations, especially preschool children, continuc
revised downward, sources of lead which were not giver
auention in the past INCIease in iMPOrANCe as inputs (o ex
markers such as blood lead. This inciudes the powcnual
of mining wasie on human populstions. Such wasics as
heterogeacous in agture and this wouid be reflected in
bioavailability of lead. Avnhble epidemiologic



P Musrux

a———

, ysical-chemical studies document thus and suggest that
* there is lead exposure potenual in weathening talings and

* perhaps other waste forms relauve 0 a new level of concem of
0.5 wmol =} (10 pg dL*) for blood lead.
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Introduction

The incidental ingestion of s0il as a result of hand-w0-mouth and
object-to-mouth behaviors is recognized as a significant source
of exposure of young children to toxicants present in soil and
household dust (Calabrese er al., 1987). In particular, it is
genenally accepted that these exposure pathways may be the
most imporant contributors 10 noa-dietary lead exposures
(Baritrop, 1973; USEPA, 1989). Thus, where there is significant
conamination of residéntial soils, a cnucial determining factor
for systematic exposure is the availability of soil/dust lead for
absorption from the gastrointestinal (GI) tract. Recently, the
bioavailability of ingested lead has become a significan issue
in establishing clean-ap levels for soils contaminased with
wastes from mining and/or milling operations: Tweo ftypotheses
have been put forward which suggest that leadefrom
mining/milling activities may bs--less bicavailable tham that
from other lead sources such as smelter emissions and lead paint
dust (see Steele er al.. 1989). Basicaily, theseargnments are (1)
lead at many mining sitos may occur as lesd suifide (PbS) which
is relatively insoluhis in waser at ncutral pH compared to other

common lesd. conmining*compounds, and, thus, may pass

through the GT tract™Willibut appreciable dissolution. and (2)
lead in soils at mining 506 may exist as particies which are
relatively arges, and ars thus both less likely 10 be ingesied and
to dissoive in GI fluids. However, the basis for these
assumpuions lacks an empirical foundation. For example, there
is liwle published data on the forms of lead that occur in soils
near smelter, milling or mining sites. Similarly, little dota exist
on the distribution of lead in different parucle size (ractions at
cither smelier sites or mining/milling sites.

In order 10 further elucidate the bioavailability of lead
from mining/milling wastes, EPA Region VIII initiated a study
in collaboration with Michigan State University of G1 uptake of
lead in mill wailings taken from Midvale, UT. The lead present
in deposits adjacent 10 the community of Midvale is derived
primarily from gaiena ore and thus should consist mosuly of lead:

as lead sulfide crystais. Further, because past milling processes
often produced wastes with relatively large grain size (Benedict,
1955), mos of the lead was predicied o be associaed with
relatively largs (greaser tham about 100 um) soil parocies.

Particles larger than 100 um probably will not adhere efficienty——

to skin and thus will not be available for transfer (o the mouth
during typical hand-w-mouth behaviors (Que Hee et al.. 1985).
Thus, based on the above arguments. lead in the Midvale
tailings should be relatively unavailable for absorption from the
GI tract, compared with absorption of a water soluble lead sait
such ss lead nitrase. In fact, one would predict that availability
would be similar to that of reagent grade lead sulfide, providing
that tailings lead was not 'buried’ in & silicae or pyrite mamix
which could further reduce bioavailability. The BPA/MSU study
was desighed to test the following null hypothesis: (1) that lead
in the mins witings s onavailabie for absorpdon from the gut
of pigs and (2). thes sbeorption of lead in tilings is not different
than thet of icad suifide and lead nigate.

Materiais and Methods

Animal model

Because lead intoxification is 8 mager of concem primarily for
young children (age 6 months 10 6 years, EPA 1989), an animal
modei chosen for research on bioavailability should reflect as
much as possible the behavior, and GI physiology and
biochemistry of young children. As discussed in dewil in
another report in this symposium (Weis and LaVelle, 1991),
rodent and lagomorph models seemed not 10 meet the above
criseria and 30 were rejecied a3 candidate modeis for the study.
Several other powential models were investigated, and the one
which nemedmmosclwlymeaandymeﬁamuw
recently weaned pig (Weis and LaVelle, 1991). Young pigs
have been used exiensively as a model for children’s GI
fumction (Dodds, 1982; Miller and Ullrey, 1987; Weis and
LaVelle, 1991). Moreover, physiology and biochemistry of
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Tabie 1 Doses of ieaa for muxtures of controt s0u ana iead ;rom 2yferent iouries

Daose group

Low " Medium High PbS PHNO?

@ailings tulings alings
Nominal 0.44 0.88 1.76 1.76 1.76
lead dose
Measured 0.56 1.08 1.84 1.52 1.67
lead dose
All values are mg Pb/kg body weight.

calcium and. by extension, lead mewbolism, appear w0 be
similar in young pigs and children (Weis and LaVelle, 1991).

Weaned. male, cross-bred swine (Sus scrofa) used for the
study were selected according to age (45 10 47 days) from the
nursery area of the Michigan Swawe University swine facility.
Animais were allowed w0 acclimate in experimental cages for 5
10 10 days. Animais were fed 4 % of body weight per day, an
amount which met or exceeded all nutsient requirements for duis
age of swine set by the Committee on Animal Nutrition of the
National Research Council. Animais were fed twice daily and
waler was provided by mixing equal volumes with the food to
make a slurry. This minimized food spillage by the pigs.
Additional water was provided at midday.

Lead sources

Midvale, UT, 2 community of about 30,000 located 12 miles
south of Salt Lake City, is the site of past milling and smeiting
activities. The milling operation was active from 1910 o 1970.
[t produced about 14,000,000 cubic yards of mine tilings from
the processing of lead, copper and zinc ores. The tailings pile
now covers over 260 acres and, in piaces, is over S0 feet deep.

Lead from tailings was obtained from as archived grab
sampis taken from the surfece .of .lhe teilings deposits The
surface sample was deemed appropriaste since it is surface
material which is transported via wind and which children may
contact when playing on contaminated 30il. The wilings sampie
was screened through & 100-mesh sieve to obtain a (raction of
paniicles smailor than-ebout 150 um, closs 10 the size fraction
expecied 0 adhers (0-human skin. Analysis of the material
before and after sieving indicated that lead concentration in the
whole tailings sampie (16,900 ppm, USEPA, 1990) was similar
\anh“hﬁm(W%Bﬂh& !m

Reagent grade lead nivaie snd lcad were used as
positive cosurols and werp,gbwined (rom Fluka
Chemicka-Biochemica, 980 S 2nd Street, Nonkonkoma, NY
11779 and Sigma Chemical Co, PO Box 14508, St Louis. MO
63178, respectively. o

Control soil was obusined from 3 surface grab sample
taken in an area of Midvaie, UT where lead conamination was
expected (o be minimal. This soil was aiso passed through a 100
mesh sieve. Analysis of the sicved (raction of the congol soil
nuduwdaladmwmoflﬂ)m

To obuain different doses of lead, control soil was mixed

with different proportions of the sieved tilings or the «
grade lead salts. Doses were mixed such that the amount
to be given to each animal on a mg per kg basis was cor
in 292 mg of soil mixture. Knowing the concentrauons .
in the control soil and mine tailings and the ¢
concentration of lead in the final mixmure, a Pearson Squs
used (0 calculate the ratio of control soil w tailings requ
similar approach was used with the posigve conuols we
in that case, the lead concentration was calculated i
formula weight. Appropriate aliquants of mutwre:
weighed on a (op-loading gram scale and mixed thoroug
manual shaking for at least 5§ minutes 1n acid-e
polyethylene conainers.

Actual lead concentrations in the tailings samp
control soil and the mixtures were determined by three &
methods, X-ray fluorescence, and atomic absorpuon (ol
nitric or hydrofluoric digestions.

Daosing protocol

Animais were assigned randomly to one of five ue
groups, three animals per group, for each of two id
experimental blocks completed sequentiaily. Animais
group were administered a singie dose of one of the abo+
mixes, 292 mg soil mix per kg body weight, as a slurry
mL of distilled water, by intubation. The mixing vessel 2
stomach mbe were then rinsed with an additional 20
distilled water w0 ensure complete delivery of the dose. A.
were walched closely for emesis for the first hour after ¢
After 120 hours, the same dose was readminisiered 10 e2
using the same procedures. Thus, each animal was giv
same dose twice, as a check on intra-animal variability.

Theee groups of animais received mixtures of tailin
control soil. In addition, one group of animals receive
sulfide mixed with conrol soil and the final group receiv:
nivate mixed with control soil. Nominal and measure
doses for each group are provided in Table 1. Pilot .
indicated that background lead conceatrations in the bl
pigs were very low (below the quantification limit of 40 u
and apparently stable over time, and that administrat
conurol soil alone did not cause a measurabic incre
background blood lcad concentrations after a single dose
in this study, sagh, snimal served as ks own conuol, ¢
Mwmmuneﬂlﬂum
lead evel.



Table 2 Methods for atomuc absorpuon specirophrotomerry

Wavelength 283.4 nm
Stit width 1.4 nm
Conditons Dry - 60 5. 35'135 (C ramp

Ashing - 305,600 (C
Atomization - 7 s, 2,000 (C

Matrix Modifier  Triton X-100, 0.5 % wyv
Nitric Acid, 02 % v/v
Ammonium phosphate dibasic, 0.2 % wi/v

Blood sampling and analysis (see Tables 2 and 3)

Immediately before administering the soil mixes.and at 1, 2, 4,
6. 8, 12, 24, 48, 72. and 96 hours post dosing, blood samples
were laken from the jugular vein with a ciosed Vacutainer
system (Becton-Dickinson Vacuainer Sysiems. Rutherford, NJ
07070). Samples were taken initally in wbes containing EDTA
as an anticoaguiant and stored at 4° C. As soon as possibie after
collection, sampies were split into three | mL aliquots. One tbe
was swred at 4° C for future use, a2 second was analyzed by AA
(see below) and the third was sent to CDC for confirmatory lead
analysis,

BLOOD PB LEVEL - CDC (uG/dL)
65

60 |- )
55 +
SO F
45 - Y=INT = ~1.52
40 -
35 - R = 0.968
30 -
25+
20+
15
10

SLOPE = 0.92

Whoie blood lead concentrauons were determined bv
atomic absorption spectroscopy with an Hitacht model 180-80.
Zeeman effect, atomic absorpuon specrophotometer equipped
with a graphite fumnace. Whoie blood (100 ul) was mixed with
a mawix modifier of triton X-100 and dibasic ammonium
phosphate in type Il disutled water acidified with ulga pure 16
M nime acid (Table 2). Blanks, 50, 100, 200 and 300 rpo
standards were included in each analytical run.

Resuits

Interiaboratory blood lead analysis comparisons

The studies were conducted under strict quality assurance
procedures. Ninety three percent of the dupiicate anaiyses were
within 10 % of one another, with 2 mean difference of 40 %.
Ninety six percent of the proficiency standards were wuhm 10
% of the cerified values in an interiaboratory companson
(University of Wisconsin).

The results of analyses of blood lead by MSU were pioaed
against the resuits obained on splits of the same sampées trom
CDC (Figure 1). With the exception of one low value obmesad
by CDC, there was excellent agreement betweea e (wo
laboratories. The slope of the line is, as predicied. newr | and
the y niercept near 0. The ciose agreement suggesn e we
blood lead values obtained in the study, even those emw e
limits of quantification, are accurate.

LS WU N SN RN S

-5 0 S 10 15 20 25

30 35 40 45 S0 S5 60 65

BLOOD PB LEVEL — PRC (uG/dL)

Figure L Comparison of blood Ph analyses run by the Pesticide Research Center (PRC) at Michigan Staie University with
analyses run on splis samples by the Centars for disease Control (CDC) in Atlana. Line is a linear regression from ail data
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Figure 2 Represeniative blood leaditime curves for three pigs given control soil mixed with the greatest amounts o M
tailings. Dose given (o ail animais was 1 .84 mg Pbikg body weight. They were dosed by oral introducuon at 0 and . 2'in
dashed line is the quantification limut.

Blood lead vs time curves

Uptake kinetics of lead were similar among treaunents, but
variation among individuals was observed (Figure 2). The
maximum concentration of lead in blood occurred between 4
and 6 h after dosing, and blood Icad levels returned to near
background within 96 h. Since rclative bioavailability was
estimated using area-under-the-curve (AUC) calculitions (see
below), it is important o note that extrapolation of blood lead
curves past 96 hours suggested that contribution 10 total AUC
from 96 0 168 hours (three more days) might have averaged
about 8 t0 10 %. Thus, estimates of bioavailability should not
be greatly influenced by the small amounts of lead which might
stll be in the blood after 96 hours.

Area under the biood leaditime curves

An spproximately linear relationship was observed between
dose of lead in wilings and the amount of lead absorbed. as
measured by AUC (Figure 3). (AUCs were esumaicd using
Sigma Scan software (Jandel Sciemific, Conte Madera, CA
94925) and a digital plouer.) Estimates of AUC [or individual
blood leadime curves were combined for all animals (Figures
3 and 4). Lead in wilings at the gremest adminisiered dose was
sbeorbed (0 a greatcr extent than was lead nitrate mixed with
conuol snil. although the statistical analysis did not take into
socount-the-lower aciual dose received by the animais receiving
doad aivaie (Figure 4). However, reagemt grade lead sullide
mixed with soil was absorbed 10 a significantly lesser cxtent (p

< 0.05). Thus, contrary 10 the predictions of Steele ¢r al.
the lead in wilings from the Midvale site more ¢
resembled that of a soluble lead salt (PBNO;3) than that
less soluble iead suifide. It is interesting © note, howewe
even lead sulfide was absorbed w0 a measurable extent. B
of comparison, absorption of lead in animals administere
in tilings at 0.56 mg kg'! was slightly less than that ab
by animals given reagent grade lead sulfide at a dose ¢
mg kg'!. Thus, lead in the tailings may be about 2 1o 3
more available than reagent grade lead sulfide in this st

The relative absorption of lead from tailings and fror
nitrate is interesting, but may be due, in part, 10 samra:
transport mechanisms in the gut. If the doses of lead f
high-dose wilings group and the lead nitrate group wer
near those necessary (0 saturate active transport o
estimations of relative biogvailability could be comprom
some degree. Thus, it is possible that some difference in:
biocavailability between lcad nitrate and lead in uiling:
have been encountered if both had been administered a
daoses.

Discussion

The results reported at this symposium are still being ai
and this paper prescnts only a partial and preli
interpretation of the data. Even so, it seems that
ineresting conclusions can be reached concerning the
bicavailabilitics of lead in smelting vs mining/milling +



] 0.00 mg ?b/kg (A)
B 056 mg Pb/kg (AB)
Bl 105 mg Pb/kg (B)
] 184 mg Pb/kg

Dose

2.693

4.842
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Figure 3 Average blood lead concenitrations for three groups of pigs given corurol soil mixed with different proporticas ¢
tailings from Midvale. UT. The group associated with a dose of 0.00 mg Pbikg represents the AUC for a hypothetcal . >air~
group. Suu:e animals which received no dose of lead aiways had levels of lead in the blood less than the quantitagon limu ¥ &)
g L. this AUC was calculated assuming a blood lead concensration of 40 ug L™'. Means of doses with same letier (4.8, ure

not significanily differems (p < 0.05).

The apparenty greater absorption of lead in tailings
compared with the lead nigate congol is unexpecied. The
difference between the two lead forms is partly due 10 the lesser
dose given to the animais receiving lead as lead niurate.
However, other factors may play a role. If the dose of lead in
both tailings and lead nitrate were sufficiently high 10 sawrate
active lead transport, reversible binding of lead to constituents
of stomach and intestinal contents could play a significant role
in determining lead absorption. When the amount of lead is
sufficiently low that active ransport is not samrated, absorption
of lead will, in theory, be independent of free lead
concentratons, and reversibly bound lead will be fully available
for absorption. Active transport will serve w0 continuously pull
the binding equilibrium wward dissociation. Provided that gut
transit times are not 100 short, all bound lead would be available
for uptake. At greaier lead doses, near or in excess of those that
might saturate active processes, bound lead might not be fully
availabie for absorption. Where active transport is sawrated,
further absorption will depend on the frec lead concentration.
Bound lead under these conditions may not be completely
available. In preparation of material for dosing, control soil was
substantially diluted with tailings. The tilings have a low
organic coneat and would be expected 1o have fewer binding
sites for lead than control soil which was taken feonr the surface
of a vegetated area. With fewer binding sites, high doses of lead

may lead w0 a greatcr free lead concentration in the imestine -

and, hence. greater lead absorption. When reagent grade lead

nitrate was mixed with soil there was ligtle dilution. In thus case.
increased binding could have led to somewhat decreased
absorption.

It is interesting to note that in rats greater than 8 weeks of

age, where active transport of calcium (and presumably lead) 1s

absent (Weis and LaVelle, 1991), binding of lead to soul
components has been shown 0 reduce absorption, ai least in
cases where the amount of soil administered (o the pigs in Uus
study (over 2 grams for a 10 kg animal) suggest that similar
effects could also have occurred here. Comparison of absorpuon
st lower doses migit help desermine if binding effects were

" important in this study.

Regardless of potential differences between availability of
ummwwmmmm the resulls uning
Pigs, 85 8P 0% mode! for lead biosvailability
“hdhmnmbyymgpnpma
sigpificant extents-Abgorpuion of l¢ad from tilings was
Wywﬁnﬂnﬁmmmmmﬁ&

mixed with control $oif“ind ‘appeared 10 be similar to that of °

ledid nitrate in'the ‘cdifYol soil mixtare. This is consistent with
chemicai and physical measurements made on the wilings
sampie. Small particles appeared to contain st least as great 2
concentration of lead as did the weal sampie: This suggests that
lcad is not confined primarily 10 larger particles a this wilings
site. Furthcrmore, independent electron microprobe analysis of
sieved tailings from the Midvale siwe’siftywed the presence of
large numbers of galena crystals with estimated diameters less
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Figure 4 Average blood lead concentrations for three groups of pigs given conirol soi mixed wih (lings s @ oes
reagen: grade lead nitrate or reagent grade lead sulfide. The group associated with a dose of 0.00 mg Pbikg i3 et em o
in Figure 3. The statistics were run on the combined data withous normalization for differences in dose. Meons o o=
same leuer (A/B) are not significantly differens (p < 0.05).

than 10 um (Drexler, personal communication). Particles of this
size might be completely dissolved within 50 to 100 minutes in
gastric fluids (Healy et al., 1982). In the stomachs of young
children, where there would be continued secretion of gastric
acids. dissolution could be even more efficient. Finally, the
results of the electron microprobe analyses indicate that
considerable oxidation of lead in tilings has and is taking place,
such that less soluble forms of lead such as PbS are replaced by
sulfates and oxides that are considerably more soluble (Drexler
1990, personal communication). Thws, for this milling site, the
basic argumonas describod by Swele et al., 1989 may not hold
true. First, machrof the lead is present in mare soluble forms,
which sppeer © t® highly available at, ¢.g., smelling sites, and
second; targe =SNG of lead are present even in the smallest
particies.

The asbove results are similar (0 those being collected at
other mining/milling sites. For instanceé, i miflrtal from Butee,
MT, there scemas (0 be a consisient envichment of lead-and other
metais in smailer (100 mesh) panicies. a finding oppostte of that-
prodicaed by the Sicele er al. smalysis for such & mining site.
Further, currcnt swdies of smelter siwes. like East Helena, MT,
scem 1o indicate that considerable comamination may be due 10
dusts blown from concentrate piles (most of which comes from
galena ore deposits). Thus, even at 'pure’ srpelting sites, such
as the smelter facility in East Helena, MT, considerable
contamination may come from sources other than siack
emissions. The emorging pictre scems © indicae tha the

division between smelting sites on one hand and Gmmge
sites on the other may bo somewhat artificisl. B wess »
that exposwses at all sites associaied wih memmng

processing-of lead-containing -ores will be mmed. camwe
both srmadl particle, lead oxides typical of snstien. s»
suifide containing particles and their oxidation prosss
of mining and milling activity. This impiies v « aev
possible (0 separate smellers from other mining scus san
basis of bioavailability.

If the above findings in young pigs can be enser
young children, lead in mining/milling wasies mey pn
similar hazard as does lead from other sowces. Aasx
physiological and biochemical similarities becween
children and the pigs uscd in this study are presemsed »
elsewhere in this volume (Weis and LaVelle, 1991).
similarities support the extrapotation of the resuls © ¢
In addition. the overall patiem of lead uptake from the
seems similar in pigs and humans. Based on excrevon
of Pb-203 in adult volunteers, maximum concenygation:
in blood probably occur before about 6 hours afier dosin
peak excrction seems o occur at this Ume or shight
(Kehoe, 1961). This is very similar (0 the uming of pec
lcad concentrations in young pigs in this study. Assw
major differcnces between adults and young children -
the shape of the blood lead/time curve, young pigs a
mode! chikiren sausfactorily.

In summary, swinc scem 1 be an appropriaic
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young chudren. Inual results using uus model suggest that
wilings matenai from Midvale, UT is more available © young
pigs than is reagent zrade PbS when presented as a single large
dose by intubauon. Chemical and physical characterizauon of
the lead in the tailings matenal suggest that lead is present in
small parucles, consistent with this relatively high avalability.
Further, weathenng (oxidation) appears o produce lead forms
which are more solubie and, thus, potentally more bioavailable.
This initial study does not lend support 1o current arguments
that lead from mining/milling activity is significandy less
bioavailable than that from other sowrces and activities.
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» Characteristics to Consider when Choosing an Animal
Model for the Study of Lead Bioavailability

Christopher P. Wels' and James M. LaVelle

USEPA Region VIll. §99 18th Street. Suite 500, Denver, Colorado, USA

Abstract

Most animal studies conducted to determine the bioavaiiabiiity of lead havae, in the past, empioyed rodents or lagormorpns
as expenmental modeis. In this paper issues and data are presented which raise questions and uncarnamnnes apout
employing rodents or lagomorphs for investigations into the bioavailability of lead. Thase issues includa: (1) the cossoee
role of coprophagy and feeding behavior in reducing estimates of lead bioavailability; (2) anatormical and physoogcs
differences related to coprophagy which may infiuence estimates of lead bioavailabiiity derived in rats or -sopas )

evidence for relatively high biliary excretion of lead by rats and rabbits; (4) the possibility of a strong devecomers
component to the active transpont of lead. The importance of addressing these and other queshons in studies cesqrec

to determine the bicavailability of lead is discussed.

Iatroduction

Multimedia exposure of children to lead is recognised as an
health problem of intemational proportions. Ingestion of soii
and dust incidental 1o hand to mouth activity presents one of the
principal direct pathways for exposure to non-dietary lead in
areas with significant soil contamination. Eavironmenial lead
contamination derives from a variety of sources including lead
based housepaint, auto emissions, smelter emissions,
wind-blown wilings or mine wastes and mine waste deposits
which have been used for residential development or have been
redistributed as fill material in such areas.

Recently, a debate regarding the relative biosvailability of
lead from different sources has developed (Steele et al., 1989).
In partcular some indirect evidence has been interpreted o
suggest that the bioavailability of lead from mining/milling
operations is significanudy less than that of lead from other
sources. A preliminary review of issues pertaining (0 lead
sources and their bicavailability has been presented by Chaney
et al. (1988). As is evident from this review, 8 grest deal of our
present information on lead bicavailability is based on animal
studies which used rodents as models. Regardless of the species
employed, such studies are most informative if issues pertaining
10 particle size, metai speciation and chemical matrix are ciearly
addressed. '

In response 10 the issues raised in the above-cited papers,
a swdy of the site-specific bicavailability of lead in mill wilings
has becn conducted (LaVelle er al., 1991). It became apparent
duning the swdy design phase that many issues rclevant to the
rat or rabbit models for lead bioavailability had been
inadequately addressed in the literaturc. This paper will present
a brief overview of these issues. [t is hoped that the information
will assist investigators in the design, conduct and inlcrpretation
of animai studics on bioavailability of ingested lead. While the

* To whom corresponuence should be addressed.
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material presented has particular importance O smtrewasss
interested in studies conceming the less solubie spacan # ass
such as might be associated with mining, milling @ easeang
operations, much of the inaterial presented is applcare w «har
forms of lead as well.

Definitions of Bloavailability

Definitions of bicavailability via the gasuointesusm sm: «
other routes may lnke different forms depending e aw
laboratory procedures employed and the experimensl s of
the investigator. Pharmacological definitions of busvesiatetry
generaily consider the area under the blood concesssmns «
time curve (AUC). Using this method. whoie dood
concengrations of the xenobiotic in quesuion are piotsd «1 ume
following ingestion and are then compared with sumsar peoms
following intravenous administration. The ratio of AL Cey 0
AUC;y times 100 is then taken as a measure of percest
absorption of the agent. An understanding of presymesac
climination (i.e. net excretion into the alimentary uact) o he
animal model empioyed is important in interpreting esumases
of bioavailability using the AUC technique. Thorough smudy of
sysiemically delivered lead can provide informauon regarding
transepithelial elimination into the alimentary tract. A posental
limitation of the AUC technique is that it provides lLule
information regarding non-linearities in the absorpuon vs ume
curve over the subchronic or chronic time frame.

Other definitions of bioavailability involve wotal mass
balance where, for example, towal chemical excreied m unne
and feces and total retained in the body are mcasured. Such
studies are most useful when absorption kinetics are considered.
Steady-state blood lcvels reached after muitiple dosing may be
used as an indicator of bioavailability. Bioavailability might
then be estimated as chemical in urine plus chemical retained
in the body divided by the total chemical recovered. Agan,
knowledge of net excretion into the alimentary tract is esscnual
10 accurate estimation of the amousut of chemical absorbed.

e simem: Domncire Aflona
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Measures of bicavaiiability using AUC methodology
should be disungwshed from whoie-body uptake of lead or
other measures of cumulauve body burden. Closely spaced
measurements using the AUC methods can provide detailed
kineuc information concerming absorpuon and eliminauon of
iead from the blood. On the other hand, mass balance studies
may provide some indicauon of accumulauon of compounds
such as lead after repetiive exposures. Coupied with tissue
analysis for accumulaied lead. mass balance smdies augment
our understanding of lead distbution. One area requiring
further research concerns the kineucs of disuibution and
mechanisms involved with accumulation and release of lead
from cortial and rabelcular bone. A thorough investigation of
bioavaiiability might include both types of measures, especially
for a oxicant such as lead which accumulates during chronic
exposure.

Bioavailability at the level of the target cell is, of course,
independent of metal species or matnix but may present
parucularly interesting and complex experimental challenges.
Cellular investigations have shown that toxic metal ions may
bind with and alter blood cell membrane structure and funcuon
(Weis and Haug, 1989). X-ray microprobe analysis has shown
quaiitauvely that synaptosomal mitochondna may accumulate
lead (Silbergeid eral.. 1977). Quanutauve estimates of
bioavailability at the level of the mitochondria would furher
our understanding of the mechanisms of lead neurotoxicity. /n
vitro work has shown that, while much circulating lead is found
bound to enhrocyte membranes, these ceils may be limited in
their binding capacity (Banton et al.. 1980). This may have
important implications for those interesicd in modelling the
biokinetics of lead distribution and dose at the larget organ or
tissue. Due 10 the potenual saturation of erthrocyle binding
capacity, and the resuiting nonlineanty of the whole blood to
plasma ratio, care must be taken when interpreting
bioavailability studies invoilving large doses of lead. For
example, climination of lead may be more rapid when large
doses are administered with a concomitant reduction in the
proportional dose rewaincd at a target site such as liver, brain or
bone.

Choice of the Animal Model

Toxicological data derived from animal swdies is often used for
the purpose of extrapolation 10 humans. Only rarely is human
low-dose exposure data of adequate quality and quantity
available for risk assessment purposes. [n licu of adequate
human data, choice of an animal modei is the initial and most
crucial step in the conduct of experimental investigations for
the purposes of understanding reicvance to humans. All
subsequent assumptions regarding data interpretation and
extrapoiauon will rely upon the depth of undersianding which
the investigator has regarding the model employed and its
physiological, pharmacokinetic and biochemical similarity 10
humans. The USEPA acknowiedges the imponance of the
model choice for the purposes of cxtrapolation to humans
{Bames and Dourson, 1988).

“Presenied with data from scveral animal swdics,
the risk assessor first sceks w0 iicnufy the animal model
which is most rcievant 10 humans, bascd on the most
defensible bioiogical rationale.”

Some considerauons 0 be addressed when cnocsin,
animal model for studies of bioavailability of lead (Ph) &,
presented 1n three categones. First, behaviorai characiernsyc
the experimental animal] model wiil be inuoduced. Secor
anatomical considerauons will be addressed. Finailv
importance of physiological and biochemical dutferencas
be discussed with parucular focus upon deveiopmental Jny
which are especuaily cridcal when assessing the bioavaiiap
of lead. It shouid be recognised that. while it is convenien:
the purpose of this paper (o address each of the abow
separate aspects to be considered when choosing an an
model, none should be considered in isolation.

Behavioral considerations

Rodents such as mice and rats, which are commonly empi
as models for extrapolation w0 humans, are aithcal e
atmining an ability to thermoregulate at approximasedv X(
days of age. Recent studies indicate that rodents mav remx
a state of thermal lability following exposure to hesvy m
including lead (Watkinson and Gordon, 1990). (n respwws
xenobiotic insult. rats employ both behavioral and prvesmn
mechanisms to lower body core temperature Uwss smrou
both the absorpton of xenobiotic and the XX rexpumw o
increasing potential for survival (Gordon, 1991,

Innate feeding behavior can greatly rafuence
bicsvailability of lead. The presence of food in e ammare
clearty influence absorption of lead in humans ' Jemes ¢
1985; Rabinowiz er al.. 1980). Rodents and lagoswwon
“continuous feeders” (Bivin et al.. 1979) Dwe o -
comtinuous feeding habits the stomach of the hassiw ~wtx
never.empty (Kraus er al., 1984). Continuous feeding deta:
allows for maintenance of gastric floral growih rogpeses
rodents and lagomorphs for digestion of cellwmioss s
release of essential nutrients and vitamins from plast sus
It follows tha both continoous feeding displayed by ¢
experimental species and the pressace of gastnc flors mey
as a buffer for gastric fluid. Additionally, the pressace of
and flora in the rodest or lagomorph stomach assres
continual presence of ligands for ionic iead in the fon
negatively charged proseins, phytaes and other phosphol
Such adaptive belmviour and physiciogy by rodemts may re:
the gastric dissolution of ail formy of -lead and other me
heace gready reducing messuremems of metai bicavasiab
By comtrast, canises and swine, like humans, tend w0 ir
periodic ‘meuis’ ‘which sre followed by gaszric empr
Complex reguiation of gastric emptying by neural and hue
mechanisms assares that delivery of gasinc contents &
duodesuin does a0t exceed the body's capacity w0 emuiaf
process URst tomens. '

Al this writing, estimaies regarding the amounts o
which children ingest and the imes of day during which
events might occur are. at best, uncertain. It is likely
children- ar¢ mure“cxposed 10 eavironmeniai. lcad ben
rathey ‘than during. meais~-bodeliing the maximal ¢xp
which might ressoaably-bewexpecied 10 occur by asse
picavailability of lead-iaden $0il or other media on an ¢
siemach is only possibie.in species with penodic (o
behavior. :

Rats and rabbits re-ingest fecal mauer as an adi
mechanism allowing for the digestion of cellulose an
absorption of essential nutrients and vitamins from
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Figure 1 Schemaiic represencations of the rodenmt stomach:
{a) Diagram of areas of the mucous membrane in the rat
stomach; (1) cardiac region; (2) cuianeous (nonglandular)
area; (3) line of ransition from cuwaneous o glandular
mucous membrane. (4) cardiac glandular region (Hebel and
Stromberg, 1976). (b} In the rabbir stomach ingested food is
located in the pyloric region (1). Re-ingested fecal pellets are
located in the large fundus (2) where they remain separated
while fermentation proceeds.

Figure 2 Development of active calcium transport in the rat
"small intestine as measured using situ ligated duodenal
loops. At 14 days of age (2a) calcium absorption occurs
predominandy via passive diffusion across the brush border.
At 18 days (2b) the inisial developmens of active ransport
mechanisms is evidenced by curvilinear kinetics of the
absorption curve at low dose and non-zero intercept at the
ordinate. In the 26 day old rat (2¢c) both active (curvilinear)
and passive (linear) components of the calcium transport are
evident. From Dosial and Toverud (1984} with permission.

material (Morot, 1911; Eden, 1940). This coprophagic
behaviour displaycd by rodents and lagomorphs creates
problems for accurate dctermination of actual oc relative
measurcments of bioavailability. Coprophagy introduces
complicalions in the rodent model system since both essential
nutricnts and lcad may be recycled (Thompson and Worden,
1956: Fullmer and Rosen. 1990). Without idious and constant
mmgddcammmunmwm
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Table 1 Compariscn of ine 205014te ans rei@ilve swiace areds oF .ng I0LSroL.€ "€2I0NS Cf ne {20irs.nie . .,
rracis of humans ana Rats. From DeSessc ana Mavis (1989) wih permussion.

Human Rat
Absolute Relative Absolute Relauve
surrace | surtace surface ] surface
area (m~) area area (m-) area
Region {(region/body) (regron/body)
Body 1.85 — 0.045 —_
Stomach 0.0525 0.03 TBF TBF
Small intesune 200 108 1.00 22
Duodenum 19° 10.3 0.08 1.8
Jejunum 138.6° 74.9 0.90 198
TNleum 42.4¢ 29 0.02 0.4

* TBF = To be found. :

® Calculated using the data in Snyder er ai. (1975), and proportion of mucosal surface area to length of intesune
€ Calculated using the daw in Snyder ¢z al. (1975), and proportion of mucosal surface area to length as 20:1.

deficiency known to influence absorption of lead (Mahaffey-Six
and Goyer, 1970). This experimcnial problem 1s greatly
compounded by the rat’s increased capacity for biliary excreuon
of lead discussed later in this paper.

Gastrointestinal anatomy and acid secretion

Disceming the role of gasiunc acidity in the bicavailability of
vanous lead species is compiex. Experimental background 0
fully understand the solution chemistry of metais in the stomach
and antenor smail intesune is not yet available. Active transport
systems for calcium may also transport Pb across strong
electrochemical gradients in the antenor small intestine shifting
the solution chemistry far from equilibrium. As discussed
above, the presence of gastric contents provides ligands for
divalent metal jons, potentially influencing the bicavailability
of lead across the gastrointestinal tract. For these reasons,
equilibnum or pseudoequilibrium models of gaswrointesunal
solution chemistry are, at best, simplistic modeis with limited
usefulness for the predicuon of biocavailability. Expenmental
approaches 10 answering the quesuon of the role of gastric
contents might involve controlled comparisons of
bicavailability in the presence and abscnce of gastric contents.

Gasuvintestinal anatomy of the rodents has evolved 0
allow for digestion of plant maierial (Figure 1). Specialiaztion
of gastric anatomy 0 accommodatc the digestion of plamt
material may be expecied (0 influence dissolution ot less
soluble metal saits in the stomach such as those found in mining
related waste. Figure 12 depicts 2 schematic vacing from a
sagiual section through a rat stomach. Unlike the human or
swinc stomach, the rodent posscsses a celatively large
aglandular forestomach with rumen-like mucusal folds. The
forestomach in both rats and rabbits is covered with a surauficd
squamous epithelium which serves primarily as a reservoir for
gastric flora and reingested feces (Figure 1b). The (orestomach
of the rat and rabbit is devoid of acid scereting capacity. This
is in shuarp contrasi to the human stomach which is
predominandy glandular and devoid of indigenous tlora, The
acid sccreung region of the rodent stomach is restricied 10 a
smaller arca anterior 10 the pylorus. Whilc little cmpirical

informauon is available regarding the interspecics it
in towl acid secreuon, such differences mignt plav 4
rele in lcad bioavailability. Funher researcn 1nto vy «
area should be encouraged.

Acid secreton by human parnietal cells is reguin
variety of nervous and hormonal stimuii (Kuwcha
Physiologically significant stimulants for acid secrevon
acetylcholine, gasuin and histamine. Acetyichoiine
releascd by vagal acuvity or by inuamucosal rctle
direcdy on the panictal ceil. Gastnn rejease 1s mew
peptides or amino acids in the stomach. Disunct n
receptors have been located on parnietal cell mem
however, the exact mechanism for histamine release s n
[n all cases, stimulation of gastric acid secretion imping
the glandular portions of the stomach. In rodents the g
regions of the stomach represent a relatively smail pc
the overail glandular ussue in comparison with human:

In general, four experimental approaches 10 deterr
of acid secreting capacity have been applied. Measurer
pH of gasiric contents have been used w0 detect acid s
capacity but this lechnique is unable 10 provide info
about quantities of acid sccreted over time or acid secre
points (Garzon, 1982). Ussing chambers have been
experimental techniques allowing for measurement «
acid secretion and i viro response 0 humoral sumui:
et al., 1981). Techniques involving gastric pylorus
(Ikezaki and Johnson, 1983) and continuous saline p
(Ackerman, 1982) have aiso becn applicd to the swdy o
acid secretion. These Latter techniques introduce the unc
experimental variables of reflex acid secretion and a
respectively.

Liutic comparative information regarding the ol
¢ell mass in various experimental species is availubk
acid output may be expecied 0 be 3 funcuon ol pari
acuivity or ccll density, it is the overall parictal mass t

- relates w acid secretion during development (Yahav

Since gastric acid plays an important role in the
solubilizauon of various lead specics, ammal modcels
parictal mass similar 10 humans would be the preferre:
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Figure 3 Changes in duodenal calcium active transport, catbindin-D contens and alkaline phosphatase as a funcuos ¢ sge A
Sprague-Dawiey rais. Parameiers were measwred using everied duodenal sacs and active calcium iransport is presrmses

common transport process with calcium (Mayaffey-Six and

active and passive mechanisms for calcium transport in the
intestine are evidenced by the curvilinear (active) and linear

; serosal/mucosal (SIM) ratio of radiolabeled calcium. From Armbrechs et al. (1979) with permussion.
"j _—
k'
W for the conduct of metal bioavailability studies. This choice  swdies of lead. Much evidence exists to suggest a lina ~wieern
it might be particularty imporant for the investigation of lead  developmental stage and absorpuon of lead in humans Zegser
s species soluble only under acidic conditions. etal., 1978; Alexander eral, 1973; USEPA. i1v88,
1 Active absorption of lead occurs at the anterior portions  Mechanistic undersianding of the age dependence of acum
ni of the smail intestine. Relative length of major subdivisions of  absorption has been most thoroughly investigated in ras : Dosad
T the small intestine in ras and humans is presemted in Table 1. and Toverud, 1984; Pansu e al., 1983; Armbrecht er & . 1979
'8 Large differences in intestinal length among various  Mooradian and Song, 1989). Figure 2 presents the progresmve
expenimental species may be cxpected w influence both acive  development of caicium absorption in the rat intesune. Acuve
1 absorpuon of lead and entcrohephatic circuiation. transport mechanisms for caicium in the gastroiniesunal ract of
i the developing organism parailel increased calcium requurement
1 Developmen: of absorption mechanisms for growth of the long bones and development of muscie and
1 Cakcium is thought 10 cross the intestinal brush border by a  Dervous tissue. It is evident that in the pre-weancd rodent. acuve
t varicty of energy-requiring and cncrgy-independent  ansport plays a minimal role in the absorption of cakium
5 mechanisms. Reviews of this subject have been presenied  (Figure 22). Shortly post weaning, however, the matunty of the
i clsewhere (Wasserman and Fulmer, 1983; Toverud, 1989).  active wansport process is evidenced by the bi-phasic nawre of
) Several investigators have proposed that Pb may share a  the dose vs absorption curve (Figure 2b). A distincuon berween
|
1

—————— .~ -

Goyer, 1970; Smith er al., 1981; Gruden, 1975; Barwon et al..
1978). These processes may involve: (1) wansceliular routes
which include the involvement of the calcium binding protein,
calbindin-D (intestinal calcium binding protcin) and are
saturable at 2-5 mM cakcium: (2) paraccilular routes which
occur at higher conccnuations and arce diffusion dependent
displaying linear absorption kinetics and; (3) proposcd
vesicular transport mechanisms. Calcium binding protcins
involved in the absorption of caicium across the gut may have
a higher afflinity {or Pb (Fullmer et al., 1989).

Comparative investigations into the ontogeny of the
calcium uansport process provide imporuint insights into our
undersianding of kcad bicavailability. Such comparisons arc
csseatial 10 both design and interpretation of bicavailability

(passive) componenes of the dose vs absorpuion curve. In the
low dose range, active transport processes for caicium are
dominant (Figure ).

.Of great significance for the conduct of bioavaiability
studics for Pb is the abrupt wermination of intesunal active
transport processes for calcium at maturity (Figure 3)
(Armbrecht er al., 1979 with permission; Mooradian and Song,
1989: Armbrecht e al., 1980). At maturity development siows.
Epiphyscal plates are sealed. The calcium rcquirement
diminishes. and the gastrointestinal transport mechanisms for
calcium rcspond accordingly. Figure 4 presents the relative
growth and development of swine, rats and humans. Sexual
maturity in the rat occurs at approximacely 7 weeks of age. This
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Figure 4 Growth weight of ras, pig and human baby during
the first year after birth. Birth weight = |. From Widdowson
(1968). W = Weaning; P = puberty.

developmental milestone n rats occurs concurrenty with
cessation of active caicium transport. Assessment of
bicavailability duning or following the cessation of the active
absorption component is inappropriale if an underswnding of
juvenile lead absorption is the intended purpose o! the
investigation.

The juvenile population is clearly defined as the
population of most concem for exposure o environmental lead.
It is likely that juveniie environmental exposure to Pb occurs in
the low-dose range where active transport dominates the
absorption process. If one presumes that Pb and Ca transport
follow similar absorption kinetics, as the available evidence
would strongly suggest, conduct of bicavailability studies for
lead must be conducted on juvenile organisms.

The role of bile secretion

Fecal excretion of Pb via bile sccretion and enterohepatic
circulation can vary widely among various experimental
species. Species differences in biliary handling of Pb may
greatly influence measures of absolute or relative
bioavailability. Comparative investigations of biliary cxcretion
of lead in rats, rabbits and dogs have becn conducted by Klaasen
and Shocman (1975). These investgalions found profound
species differences in the raies of biliary excretion of lead.
Rabbits were found to excrete Pb via the biliary route at rates
approximately one-half that of rats, while dogs displayed biliary
excretion rases less then one-filtieth that of the rat. Important
physiological differences in biliary cxcretion have also been
identified (Erlinger, 1987). The bile ducis alicr the voiume and
composition of the bile fluid prior to enury into the digestive
ract. Contribution of the bile ducis o overall bile flow is
significant in the canines and primaics but much smailer in
rabbits, rats and guinca pigs. Bile acid vanspon in rats appears
10 be a saturable carrier-mediated process (Suemmel and Berk.,
1986). Investigations into the biocavailability of Pb should
coasider the role of biliary excrction and entcrohepatic
cisculation from a comparmtive perspective if sound cstimaics
of bioavatiability of lcad in bumans is the goal of the swdy.

Summary

The issue of lead bicavasiability remains an imperan;
to an understanding of childhood exposure
envircnmen@i hazard. The intemauonal pervasivenes
problem. the seasiuvity of the juvemle population
apparent persisience of neurciigic endponts of lead wox
contribute to the need for reiiable estimates «
bioavailability. In establishing esumates of lead bicava
oxicologists are obligated to apply all avaiable info:
regarding the comparative behavior, anatomy, physioic
pharmacokinetcs of the expenmental mode! being em
Much of the informauon available regarding the m
mechanisms of lead absorpuon and toxicology has been
from studies conducted using rodents. Some invesugawx
questioned the use of rodents for the purpose of unders
the molecular aspects of lead and calcium metbolism
uncenainties regarding the extrapolation to humans .
and Rosen, 1990). Other investigators ccaunue (0
rodents for tie purpose of understanding the absorpu
distribution of lead (Killinger, 1990).

Cost and difficuity in handling are clearly rccogr
real world constraints to the conduct of amimali rc
Regardless of the species employed to assess the biokir
iead absorpuon and distribution, a comprehensive assc
of the modei bemng empioyed and its reievance (0 huma:
be incorporated into estimates of bicavailability. Withe
an assessment, missrepresentations and missundersianc
the bicavailability of lead will be risked.

We believe that the weight of evidence sugge:
siudies of mctal bicavailability, particularly lead bioava:
studies, conducted in rodents or lagomorphs shouid be
with caution. Evidence presented in this chapter which ;
caution in the interpretation of biosvailability swdies cor
in rais and rabbits includes: (1) coprophagic and con
feeding behaviour of these model species: (2) difficu
assessing important developmental aspects o
bioavailability in rats and rabbits; (3) evidence for re:
high rates of bile excretion of lead in rats and: (4) pr
anatomical dilferences beiween these species and h
Better model species are readily available for the study ©
bioavailability. More compiete charactenzauon ot
aliemnative models shouid be encouraged.
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Abstract

The purpose of this study was lo determine the axtent of absorption of lead (Pb) in mining waste soil from Butte,
Montana. it is the first study to fully investigate the bicavailability of lead in soils containing mine waste using a soil
dose response approach. Young 7-8 week-old maie and female Sprague-Oawiey rats (5 animals/sex/group) were &Ven
mining waste soil {810 ppm lead (Test Soil 1) or 3,908 ppm lead (Test Soil 1ll)] mixed in 3 purified diet (AIN~76

four different dose leveis (0.2, 0.5, 2 and 5% dietary soil) for 30 consecutive days. The test soil dose levels at 2 and
5% were chosen to bracket a pica-for-soil child's soil exposura leveis. A pica-for-soil child is a young child who eats
large quantities of soil (10 g day™ . Standard groups included untreated controis and dosed feed soluble lead aceiate
groups (1, 10, 25, 100 and 250 ug Pb g~ feed). The concentrations of lead acetate were chosen to bracxet ihe test
soil dose levels of lead. Liver, biood and femur, representing the three compartments in which lead is distnbuted in ire
body, were analyzed for total lead concentration using graphite furnace atornic absorption spectroscopy. Clinical signs.
body weight, food consumption and liver weights for treated and standard groups were similar (o control. Tissue ead
concernrations from test sod animais were significantly iower than the tissue concentrations for the dosed feed iead____.
acetate group. Group mean whole blood. bone and liver lead concentrations increased with increasing dose levels fcr
most treatment groups. The increases in bload. bone and liver lead concentrations were not proporhonal with incraasing
dose leveis and plateaued at the high dose levels. Relative pgrcent bioavailabiiity values. based on dosed feed sciucie
lead as the standaro, were independent of the two different test soils, dose levels or sex, and only slightly cepencent
on the tissue (biood > bone, liver). Overall relative percent bioavailability vaiues were 20% based on the blood cata.
9% based on the bone data: and 8% based on the liver data (2 and 5% dose {eveis only). The results of this study wiil
provide the scientific validity needed to determine the signdicance of lead exposure from Butte soils in assessing human
heaith risks as part of the Superfund Remedial investigatiorvFeasilty Study process.

(dosed feed lead acetate) were included in the expenimcntal
design. At lermination, blood, liver and femur specimens were
collecied from cach animal for analysis of lead concentration
using graphite fumace atomic absorption spectroscopy and/or
inductively coupled plasma atomic cmission spectroscopy.
Relative percent bioavailability values were estimated by
comparing tissue lead concentrations of the test soil W the
standard treatment groups. This is a preliminary repont of the
findings of this swdy.

Introduction

oV This swdy was initiated 10 address Superfund health risk

¢, assessment issues relatcd to the bioavailability of soiis

\A¥ cconuaining lead from copper mining wasic in Butie, Montana,

Flv\f’ The sources of icad.coprassating potential risk 10 human heaith

as identified by thw Siavisenmental Protection Agency are the

’ vmmnhmwmmmmngma

whigh ero-ssaned Ywonghout the Butie area. Many of these

dumps have been uscd over the years for residential (ill material

and have, therefore, become indistinguishably mixed with

native soils. The results will provide the scientific validity

nceded to determine the significance of lead exposurc from

Buue soils in asscssing human hecalth risks as part of the
Superfund Remedial Investigation/Feasibility Study process.

Methods

Mazserials

The original 1est substances were two mining wasic soils (Test

The objectives of this study were o determine the exient
of absorption of lcad contaminaied mining wastc soil using
male and female Sprague-Dawley rais that were fed the mining
wastc soil mixed with AIN-76™ purificd dict for 30
consecutive days. In addition 10 the mining waste soil veaument
groups, a conurol m(wnﬁeddmonly)mdamdudm

1' Sper.ul issue w:u-pommg

- P e L L

R e L ald

Soils | and II) with different lead concentrations that were
composites of soils collecied from residential areas in Buue,
Monwana. Test Soils | and I contained approximaiely 810 and
8,858 ppm icad, respectively. Test Soil il was not used because
it had a higher icad concentration than wa targeted for this
study. Test Soils [ and [1 were bleaded together to produce Test

Procwdmgs of the Symposium on the Bioavailability and Dictary Exposure of Lead.
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Sod Il which contained 3.508 ppm icad. Tast Scils [ and [i]
were used for the dosed feed preparauons. The pH of the souls
was sgongiy o extremeiy acidic (according to USDA-SCS Sail
pH Categones). with pH values of approximately < 5§ and 3.7
{or Test Souls [ and [II. respectively. The parucle sizes of the
test souls were simiiar to the size of ingested soil parucles that
remain on hands (< {00 wm) (Chaney er ai., 1989) and were of
a size which opumized dissoluuon rate and extent of absorpuon.
Lead (IT) acewte tnhydrate ((CH3C02)2Pb-3H20] was used
prepare the dosed feed formulations for the standard group.

Test system and animal mainienance

This was a non-clinical laboratory study performed in
compliance with the EPA Good Laboratory Practice
Regulauons, 40 CFR Part 792 (US EPA, 1989a). Seventy male
and 70 femalc Sprague-Dawley rats (5 animals/sex/dose group;
7-8 weeks of age at initiation of dosing) were supplied by
Charles River Laboratories (Kingsion, NY). Animals were
individuaily houscd in standard polycarbonate cages. the
dimensions of which (width x height x length) were
22" x 12.5" x 8". All animals were provided with deionized
waler ad (ibitwn (<2.0 ug Pb L") by glass boule reservours
fitted with sainless steel sipper tubes. All rats were fed ad
libitwm in mew] fecders. The unweated controf group animals
were fed a purified diet [AIN-76™ complete meal
(manufacured by Zcigicr Brothers, Gardners, PA)]. The dosed
feed soluble lead ueatment group of animals were fed
AIN-76™ sucrose-free meal into which the appropriate
amount of sucrose and specific test substance, i.e. test soil or
lead acetate, were added. The soil replaced part of the sucrose
rather than replacing part of, or diluting, the compicte mixed
diet. The AIN-76™ completc meal and AIN-76™
sucrose-free meal had lead concentrations <0.20 ug g~'.

Dosing regimen and administration

Dosed feed formulations were prepared for the animals fed lead
acewte and the test soils mixed in the dict. The dose levels
sclected for use in this study were based on reporwed soil
exposure levels tor pica-for-soil children. For a 15 kg child with
pica for soil, approximaiely 10 g of soil and 250 g dry diet arc
estimated to be consumed daily (US EPA, 1989b). Using these
values, approximaicly 4% of the pica child’s diet {(10 g
50il/250 g dict) x 100] would be soil. Thus. dose kevels of 2 and
5% soil in the diet were sclected in this swdy to brackes the
pica-far-soil child exposure level. The lower dose leveis of 0.2
and 0.5% soil reflected logarithmic decreases from the highcr
dose levels down 10 the lowest cxposure level that was believed
10 produce lissuc comcenurations just above the level of
detection. Typical children (cxclusive of those with pica for
soil) ingest lcss than 100 mg of soil pee day, on average, which
is equivalent 10 approximatcly 0.04% soil in their dict
(Calabrese er al.. 1989). Feeding rats a comparable dosc would
result in tissuc levels indistinguishabic from background levels.
For the Test Soil | group, the 0.2, (1.5. 2 und 5% soil doses
corresponded o 1.62, 4.05, 16.2 and 40.5 ppm icad. For the
Test Soil IH group. the concenuation of Icad in the (our suil
dosc levels was 7.82, 19.5, 78.2 and 195 ppm. The cxposure
levels of the doscd teed soluble lead acctae group (1, 10, 25,
100 and 250 ppin) were chosen to bracket the csumatcd
cxposurc lcvels tur the two dosed fecd test soil groups. Dosed
fced concentrations, swbility and homogencity were verificd

Table | Aciual concemrrauon sna perzens iarze: o
; - 3 . . .
dosea reed jormuiasions |

Concenmrauon ppm;  Acwal concent:

Formuiauon Target Actual 15 a % of wre
Dosed feed 1.0 1.11 =0.20 11!
soluble lead 10 103 =15 103
25 27.1 =46 108
100 98.7 =92 98.7
250 242 =18 9.8
Dosed [ced 1.62 1.63 £ 0.26 101
Test Soil | 4.05 431 +0.10 106
16.2 174 =24 107
40.5 389 =47 96.0
Dosed feed 7.82 7.97 £0.98 102
Test Soil 1T 19.5 226 =03 116
78.2 78.7 =65 9.8
195 183 =14 934

* For each mixcd dose feed preparauon a sample of <
dose level was removed at the ume of preparauon (pr
and at the conclusion of dosing (post-dose) for analys
lead concentration. Triplicate samples were digesied

dose level per sampling period. Duplicate aliquots of
digestate were analysed for icad by ICP or GFAAS.*
are reported as the mean + SD of the pre- and post-dk
analyses of the two baiches for each dose formulatior

during the smdy using graphite fumace atomic a
(GFAA) or inductively coupled plasma (ICP) atomuc
technologies. The actual concentrations, as a percent
for the different treatment groups averaged 103 +

dosed feed soluble lcad group, 102 £ § for the Test So
and 102 £ 10 for the Test Soil 111 group (Table 1). Tw
of mixcd feed preparations were refrigerased i
containers for the duration of the 30-day swdy. Ag
dosed feed mixtures were presented 10 the rats at appe
the same time each day. Weekly body weights and ¢
consumption values were used 10 determine actual dc

Tissue collection. preparation and analysis

Animals were euthanized with a single overdose ©
pentobarbital. Blood was collecied into a syringe by
punclure. Animals were necropsied and liver and bx
femur) were collected and frozen at approximatci
Cardiac blood specimens remained refrigeraed unut
of preparation for analysis, Each blood sample wis w
on a rotating lumbler for at lcast 30 min prior to ren
aliquot of known weight for kcad analysis. Liver «
were homogenised with tissue homogeniscr (I
Polywon, Westbury, NY) and frozen (approximatci
until removed for analysis. The whole bone was pix
NaOH to digest any residual soft tissuc., dricd and wei
deflcshed bone was then placed in 6N HCl unt
compicicly solubilized. The completety solubili



N B S
- - i

P

specumens were [rozen 1approximalery -20°C) unul removed
for anaiysis.

Samples were anaivsed using atomic absorption
(Perkin-Elmer Mode! 5000 Zeeman atomic absorpuon
spectrophotometer equipped with a Model 500 graphue
[urmace). Lead in all samples was calculated from tinear
regression equations using the method of standard additions.
The method detecuon limits for the blood. bone and liver iead
concentrauons were 11.1 pg L', 0.56 ug/g and 0.04 ug/g.
respecuvely. The method detection limit is defined as the lead
concentration that yields an absorbance equal 1o three times the
standard deviation of 2 sample with a concentration of lead that
1s distincuy detectable above, but close to the blank absorbance
mcasurcments, All lead concentrations below the method
deiecuon limit were set at the detecuon limits prior to further
stausucal analysis.

Stausucs
Nonlinear regression models were fitled to describe the
rclations between dclivered doses (mg Pb kg~' body weight)
and ussue lead concentrations (ug L-! or mg kg™'). Regression
models, incorporaung background lead upuake, were fitted 10
the resuits from the standard group and from the test soul groups.
Scparate fits were camed out for males and for females. The
relative bioavailability for a particular dose of a test soil was
defined as the rauo of the lead uptake from that dose of the test
soil o the lead uptake of the same dose of a standard treatment
Relative biocavailability estimates were based on the dosed feed
standard. The lead uptake estimates from the test soil and from
the standard were adjusted for background leveis before
companson. The suandard groups’ regression curves were
interpolated o obain predictions at doses corresponding o the
lest group doses. The relauive bioavailability calculation was
represented as follows:

Relative percent bioavailability = R x 100

R 2 Mu(X) = BolIMuna(X) ~ Bo)
where,

X = dose (test or standard, mg kg~! body weight)

M.i(X) = model prediction for the standard

M (X) = model prediction for the Lest soil

(Bo) = overall background estimate

Resuits

Daily exposure index

There were no dosc-dependent or treatment-dependent changes
i body weight when compared to conuol group values for both
scxes. Group mean body weight gain values for the various
ucatment groups were similar 10 conuol group body weight
gain valucs. Furthermore, body woight gain resuits indicated
that animais were thriving and growing during exposure w lead
frewn cither solubie lcad acctate or soil icad mixed in the dict.
Alter four weeks, group mean body weight gain valucs ranged
from 2730 g week™! for the males and 6-18 g week™! for the
fcmales. Thus, exposure occurred during a rapid growth phase
and did not result in any ovent xicity based on body weight
growth paucms.

The overall group mean food consumption valuc for the
unireated control group rats during the 30-day in-life period was
23 g fecd/day/animal. Group mean food consumption valucs for

Table 2 Daily exposure wnaex summary woie’

Targeted Daily exposure ncex
Treatment  dose level Males Femaies
group (ppm} ‘mg Pb kg™’ BW,
Dose feed 1 0.0790 0.0960
soluble lead [0 0.732 0.834
pA] 1.86 2.01
100 1.67 10.1
250 16.8 26.2
Dosed fccd 1.62 0.124 0.150
Test Soil [ 405 0314 0.5M
16.2 1.20 1.88
40.5 3.36 440
Dosed feed 7.82 0.680 091»
Test Soil III 19.5 1.67 PR ]|
78.2 542 To!
195 12.7 2338

* Dose levels were normalized 10 mg Pb kg™ BW v ae
dosed feed groups. Normalization was performed wang o
following equation:
Daily exposure index (mg Pb kg~! BW) =
Group mean daily lead consumpuon for days | ¥ ag
Group mean body weight for days 1,8, 15.22 s ™~ vy
The group mean daily lead consumpuon values were
calculated by multiplying the concentation of lead « e
dosed feed (ppm) by the daily food consumpuon

all reatment groups were similar to the control group vemes se
both sexes. [n addition, the data suggested that no peesamary
problems occurred with the dosed feed formuiauions

The group mean daily exposure index vaiucs ‘mg e
consumed per kg body weight per day) for the male ang fesnase
rats are summarised in Table 2. The group mean daly evpoe
index data indicated approximately proportionai increases = e
level of exposure (absolute amount and per body werght) & e
differcnt dose levels for each Ureatment group. The ¢1pomere
index differed slightly between sexes for many of the dose

_ levels of each treatment group, with the expasure level beng

higher for females than for males. The sex differences were
attributed to similar group mean daily food consumpuon valees
between sexes but substantially lower body weight vaiues (or
the femaie animals whea compared W the male animals.

Tissue lead levels

Blood - Group mean whole blood lead conceatration valucs for
male and femaic rats were plotied versus dosc in Figure 1.
Overall, the group mean whole blood lead concentraiion values
for the Test Soil [ and IIT groups were significandy lower tan
the blood Icad concentration valucs for comparable ¢xposure
levels of the dosed foed soluble lcad. The group mean whole
blood icad concentration values increased with increasing dose
levels for all reaument groups but were not proportional,

|
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Figure 1 Lead concentration in blood (11g Pb L~') versus dose (mg Pb kg™ BW) in (A) maie and (B) female rais. D
axpressed as the mean t siandard deviation. » = S (duplicaie analyses per animal). Detection limit &s 11.1 ug Ph '’

reaching an asymptote at the higher dose levels in the soil

_treatment groups. A placau was less apparent (or the male and

female dosed feed soluble lead groups. For the most part.
similar group mcan whole blood Icad concenuation values were
obscrved for male and female rats within the same ucaument
group.

Bone - Group mcan bone lead concentration valucs for male
and female rats were plotted versus dosc in Figure 2. The group
mcan bone icad concentration valucs increased with increasing
dose levels for ail ircatment groups. Bone lead lcvels were very
low following dicuary ingestion of Test Soils [ and [l whea

colnpased 40 bons lead levels after ingestion of d
soluble iead. Lead absorption and distribution inta the
detecied after administration of dosed feed soluble le
at all dose levels tesicd but only at the higher Test Sa
dosc levels tesied The -inceonse- s bone icad conc
were ant proponiienal with increasing dose icvels.
iead concenurations appeared o plateay at the higher «
for all vcaimem groups, although the plateau was lcs
for the maic dosed (ced soluble lead group. For the
similar group mean bone lead concentrations were ot
male and female rats within the same treatment grow
Liver - Group mean liver fcad concentrations for
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female ras were piotted versus dosc in Figure 3. The group
mean liver lead concentration valucs increased with increasing
dose levels for the dosed feed solubic icad and Test Soil I
groups. Overall, thc mean liver lcad concentration valucs for
the Test Soil [ and [T groups were xignificantly lower than the
liver lcad concentration values for the doscd fecd soluble icad
groups. The increase in liver kcad concentrations was not
proportional with increasing dose lcveis and appeared to platcau
at the higher dose levels for the dosed feed soluble lead and Test
Soil I11 groups. Scveral of the animals in the 1 ppm doscd feed
solublc jead group, the 0.2, 0.5 and 2.0% Tex Soil { groups and
the 0.2 and 0.5% Test Soil III groups had mean liver lead

cmmmmﬂmmsh;hﬂynboveornmdﬂremtfm
background levels. Similar group mean liver lead concentration
values were observed for male and female rats within the same
ucatment group.

Relative percea: bioavailability

Blood - Relsive pescens biosvailability values at the low dose
levels (02 and 0.5%) had large standard estor values which
wose auributable w0 the very low blood lexd concentrations
atmined at these exposuss lovels. Thus, the extent of absorpuon
of lead from the text soils and cveatual accumutation in the
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tisswes &t these jow iovels CORMTIOUYR Yecurawivsdnommined.
i B Only & the higher dose levels, i.e. 2 and 5%, were blood Icad
' levels following Test Soil 1 and U1 ingestion sufficiently above
background levets to allow bioavailability values to be
confidenily csumawcd (Table 3). Also, the 2 and 5% dictary soil
dosc levels bracket the pica-for-soil child's average daily soil
ingestion. The 95% confidence intcrvals in these dosc ranges
were rclatively tight. For Test Soils | and [, relative percent
bicavailability vaives ranged from 12-26% and 20-27%.
respectively, for the male and femaie 2-and $% dose level
groups buscd on the doscd fecd soluble lcad standard. There
were no staustically significant differences beiween the dose

levels or sexes. Using -bleod dota, the overail mean
percoas bicavailabilicy vulus for Test Soils [ and [1] at .
soll in the diet was approrimmely 20%.
Bone - Ralagive por : ality values at the
levels (0.2 and 0.5% dictary soil) were highly vanat
siandard error valucs) in a similar manner o the bloo
percent bicavailability values. Data for the 2 and 5% dc
provided more reliable relative percent bioavailabiiu
(Table 3). For Test Soils | and [ll. rclative
bioavaitability values ranged ffom approximatcly 5-
8~13%, respectively. (or the male and female 2 and
level groups based on the ‘dosed fecd soluble bcad
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There were no stausucaily significant differences between dose
Jevels or sexes. Using bone data. the overall mean relauve

. percent tbicavauability value for Test Soils [ and Il at 2 and 5%

soil in the diet was approximately 9%.

Liver - For Test Soul [, liver lead levels were slighdy above or
at detecuon limits at dose levels of 0.2, 0.5 and 2% diewary soil
for both sexes. Thus, the extent of absorption and eventual
accumulauon of lead in the liver could not be accurately
determined. making relative percent bioavailability esumates
for these dose levels highly vanable and imprecise. At the 5%
dosc level, the relative percent bioavailability values were
approximately 9 (maies) and 8 (females) percent based on the
doscd feed soluble lead standard (Table 3). For Test Soil 11,
liver lead levels were near detecuion limits at dose leveis of 0.2
and 0.5% dietary soil for both sexes. Thus, relauve percent
bioavailability esumates for the 0.2 and 0.5% dose levels were
vanable due to the relatively low absorption and accumulation
of lcad o the liver following ingestion of Test Sail HII. For the
2 and 5% Test Soil 111 dose levels, group mean relative percent
bioavailability values were approximately 7 and 8%,
respectively, for the males and 14 and 10%, respectively, for
the ‘females, based on the dosed feed soluble lead swndard
(Tabie 3). The overall mean relatve percent bicavailability
value for Test Sotls { and I at 2 and 5% in the diet was
approximately 8%.

Discussion

This study was conducted to determine the exient of absorpuon
(rclative percent bioavailability) of lead from wwo different
mininy soiis using Sprague-Dawiey rais fed on soil mixed with
a purified diet It is the first study w fully investgate the
bioavailability of lead in soils conuining mine waste using a
soil dose response approach. Male and female Sprague-Dawiey
rats (5 animals/sex/group) were fed mining waste soil from
Butte, Montana (810 and 3.908 ppm lead) mixed in an
AIN-76™ purified diet at four dose lcvels for 30 consecutive
days. The sou was mixed with 3 purified dict 10 lower the
background levels of lcad found in the control animais and 0
allow the detection of the soil-dcrived lead in the animals’
lissues even at low lead levels, The nuuitionally compicie
purified AIN-76"™ diet (Bieri et al., 1977) is less likely 10
inhibit lead absorption than regular rat chow. In addition.
purified dicts more closely simulate the low-{ibre diets of most
US citizens than do rat chow diets.

The rat was uses because it is considesed an accepuabic
modei for human risk-dssessment (Natonal Research Council,
1983) and is the preferred species for mewabolism and
pharmacokinetic sudies perfarmed under the Toxic Substmces
Conwrol Act (TSCA) (US EPA, [982). In addition, the food
consumption patierns and stomach pH of rais and young
children are similar (Chancy, 1991). For example, rats and
young children generally cat intermitiently and frequently while
they are awake. The pH in the rat stomach ranges {rom 2.6-5.1
which i3 similar 1o the pH range found in children’s stomachs
after they have caten. The age range and developmental state of
the rats in this study also support therr usc in predicuon of lead
upuake in children. The rats uscd were 7-8 wecks old at the san
of dosing. These were young growing rats as indicated by the
increascs in their body weight. The males gaincd about 125 g

{36% incrcase) and the females gaincd about 45 g (21%

Table 3 Relanve percem bwavaliaouiiry vaiues of .ead rcr
male a.na'jemaie raws adrunistered Test Souis [ ana ([l muzeq
with feed .

Group Test Sonl | Test Soul 11

8lood

Males 2% 18.1 (6.0) 196 (3.3
5% 12.1 (3.6) 21.5 (3.8)

Females 2% 25.7(7.8) 26.8 (4.8)
5% 138347 22.1(49)

Bone

Males 2% 8.03.9 750149
5% 4.8 (1.5 7.5 (1.4

Femaies 2% 10.6 (3.3) 13.32.0)
5% 6.1(1.9) 130 (2.6

Liver

Males 2% 43 (24) 710.%
5% 8720 7.5 (1.%

Femaies 2% 06(3.1) 136 (3.1
5% 8.2(2.8) 9.8 2.1+

* Relative percent biocavailability values were delcrmemes
using the dosed feed soluble lead group as the standwre
Tabled data are reported as the mean with the siandare aver
of the mean in parcntheses.

increase) over the time period studied. At the stan of Jowumg.
these animais were not sexually manure. In this soam. vagmes
patency generally occurs at about 56 weeks of age. Sowm
production is observed at about 9-10 weeks and. w0 cbmm
adequate suswined pregnancies, this strain is generstly aot
mated until they are at least 10-12 weeks of age (persomal
communication, Joanne Kiilinger, 1991).

The study was 30 days in length because of the long
biological half life of lead. Thirty days appeared 10 be an
adequate compromise between the need for sufficient ume for
the accumulation of lead in the blood and tissue. while sull
balancing the need for an exposure period which ensured that
animals remained in a rapid growth phase. The target ussues
measured were whoie biood. liver and bone, thus represenung
the three main comparuments in which lead is distributed in the
body.

The dose leveis selecied for this scudy were based on the
soil {evels reportedly ingested by pica-for-soil children. A 15 kg
pica-for-soil child might ingest as much as {0 g of soil as part
of a daily 250 g dict (approximaicly 4% of the dry dict). The 2
and 5% soil dosc levels bracket the pica-for-soil child exposure
level, and the relative percent bicavailability values were based
on these two soil dose levels. Normal children (cxclusive of
those with pica for soil) ingest less than 100 mg of soil per day
(Calabrese et al., 1989). The dose levels of 0.2 and 0.5% soul
were logarithmic decreases from the higher dose lcvels 10 the
lowest lead level detcctable above background in rats fed a
purificd dict. The dosc levels of the icad accuie sandards were
designed 1o bracket the soil lead dosc levels.



The clinicai appearance. body weight, food consumpucn
and liver weight values in the soil-geated animais were similar
to those in the conuroj group ammals, indicaung no overn
toxicity that may have affected the relative percent
moavallability values esumated for this study. Significantly
higher lead concentrauons were measured in the blood. bone
and Liver of animais ted dosed feed soluble lead wnen comparcd
10 animais fed the test soils mixed in diet. Thus, under
comparable dosing condiuons, the bioavailability of lead in the
Butte sous was considerably less than that of lead acetate
administered in the diet. Over the dose range tested (0.2-5%
soil in diet), blood. bone and liver lead concentration versus
dose profiles generally piaeauved for animals of both sexes
when fed the test soils mixed in diet The plawcau response w
soil lcad is extremely apparent if one compares the paucrn of
response (o tissue Icad for the soil animals to the higher linear
slope at the stant of the iead acewie curves. These dawa are
consistent with results from epidemiological swudies that show
there is a weak relationship between soil lead concentration and
human blood-lead lcvels at other mining sites with a high
proportion of lead sulphide in thc mineral assemblage
(Bomschein et al.. 1990).

Relative percent bioavailability vaiues, based on dosed
feed soluble lead as the standard, were independent of the two
different test soils. dose levels or sex, and only slightly
dependent on the tissue (blood > bone, liver). Lead acewate in
the diet is an appropnaie comparison because lead acetate is
highly soluble (thus maximizing bicavailability) and can serve
as a surrogate for lead compounds ingested in the human diet.
Overall reiative percent bicavailability values (assuming no
biologically significant differences between the sexes, dose
levels or soils) were 20% based on the blood data: 9% based on
the bone data; and 8% based on the liver data (2 and 5% soil
dose levels only). The low bioavailability of lcad in the Buue
soil-treated animals agreed favourably with low blood-lead
leveis (average of 3.5 ug dL-') found in children from Butie,
Montana (Buue-Silver Bow County Environmental Health
Study, 1991). Negligible lead absorption (i.e. only slighuy
above background concentrations) occurred at test soil dose
levels of 0.2 and 0.5%. These lower dose levels, although more
closely approximating soil-lead exposure 10 normal children,
were still above the lead level intake of a normai child. Thus,
uptake of lead from soil at dose levels similar to those for a
normal child’s exposure would not be deteclable under this
study protocol.

The-Gadipgaal this presest sudy have significant
implications SOPUINNNIRg risks t0 young children irom lead in
mining waste soif and. 5y extrapolation, on the cican-up levels
that will be prowctive of human health in communitics where
the masn source of soil icad i3 due 10 mining and milling
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Selected Chemical and Physical Properties of Soils
and Gut Physiological Processes that Influence Lead
Biocavailability
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Abstract

This paper considers selected tield exampies of physical and chemical properties of soil and some of the interactions
with gut physioiogical processes that are related to lead bioavailabiiity. The blood lead response to quantity of leaq in
mining and milling environments compared with urban and lead smeiter conditions appears to be different. The emonasis
of this paper is to understand the complexity of the urban environment.

Bioavarability appears to be related to physical and chemical Qualities other than mere quantity of lead. Paricie sure
is one physical quaiity that influences bioavailability. Compared to intact leag—based paint, small particle amissons trem
vehicies govern the general soil lead pattern in urban environments. Lead has accumulated in $oiis in propormon e cty
size. with the inner~city generally measuring the highest lead levels. The soil lead situation is further exaceroated by
the chermical influence of othar toxic substances such as zinc. In several cities, zinc leveis of 1,500 ppm ana regner
plus acid conaitions (pH 5.4 and lower) have been observed. This condition is phytotoxic to plants and the oehoency
of plant cover increases the likelihood for sod lead ingestion. After ingestion, nutntional status becomes an smponant
factor with both iron and calcium deficiencies increasing lead bioavailability.

To complement the other discussions of the Gl tract and bioavailability in this volume, the following physioogrca=———

responsas of the gut that either increase or decrease soil lead bioavailability are descnbed: (1) The role of the ~crmai
microbial flora in altering baseline gut function, (2) effect of pH, (3) intestinal transit time, (4) role of mucus. ano
(5) barniers to lead transpon. Physioiogically there are nine physical and/or chemical bamiers (0 soW lead absommen
which tend to decrease biocavailability; any breakdown of or increased permeabiiily in these bamiers would have the
opposite affect. The aadition of a soil amendment, such as pathogen free processed skuage, wouid be expected to be
a practical means for regucing soil lead bioavaiability. The amendment should semve to bind lead and thus ncrease
effective particle size. it wouid aiso have the benefit of improving plant growth as shown in the iaboratory. Further study
is needed to conduct toxicity testing and uncertake tield evakation.

from lead mincs and milling sites, smokestack emissions from
lcad smeiters, and urban sites (Steele ez al., 1990). Within these
The risk of exposure of children to cxcessive soil Pb varies  situations the blood Pb response by humans to the Pb of soils
widely. The Pb concentration of soil is only onc measurable  appcars w dilfer. Mining and milling mawenals conwaun large
characicristic and the degree and variation of bioavailability of  quantities of P, but the blood Pb respoase 10 mining maicnals
Pb in soils and dusedikely involves scveral variabics. AL th¢ | gppears to be relatively smail. In conurast. the blood Pb response
very least theaséntingds: (1) whe. chomical. and physical g relatively large o smaller quantities of soil Pb near smelters
difTorences of the Puommes; (2) the.chanucicristics of the soil ans: within inncr-city environments. There are both physical
media.and-the many chomical, physical-and biological ;4 chemical differences between Pb sources within mines and
differsncas cha imeract with Pb in 2 pasticular s0il; and (3) 8. i1e cmeiters and urban cnvironments that may account for the
compiexity of physiological apparatus of animals for ingesting, 01 cd variations. For exampie, if the Pb is in the form of 2
digesting and abeorbing P tha cawors aad.passcs trough the 4t jg commonly assumed that the Pb is less bioavailable
""""."" tract. This W addmcs wlected ficld conditions than when it is in the form of a carbonase or oxide (Steele et al.,
that dirccly perain (0 these issucs. 1990; Chancy et al.. 1989). But it has been long known that lead
. sulfide is slowly solubk in gasuric juices (Woctfel and Carison,

Introduction

Eavironmental Lead Sources and Their Role In 1914 Healy e1 al., 1982). Rocem dictary studies do not show a
Bioavailability difference in bicavailebility betwoen solubic lead compounds

. such as icad aitraic and lead cysicine compared with insoluble

Lead mines, mills, lead smeiters and urbun soils finc panucieicad suffide (Rabinowitz et al., 1980). Large

There appear 10 be major exposure variables which differ . interpersonal variability has also been nosed (Rnbﬂmflv etal,
between scveral main soil Pb conamination situtions, wilings  1980).

C e emmrmiea S Pea i 58 € e an e hs D0 e lahit ed Dsvry Exnosure of Leud
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An aflernate sxgianauon [of the differences n response at
vanous siles may be reiated 0 the charactensucs of a specific
source of Pb. Parucie size plays a major roie m bicavaiability.
The smaller the parucie the more effective it is in gainng
ohvsiological enmance into the urganism (Baritop and Meek.
1979 Woeliel und Carison. 1914; Chaney er ui.. 1989). Field
survevs provide intormauon about the properues ot soil Pb that
contnbute to biocavailability. [n the next sccuons. physical and
chemical conditions are emphasized that might account for the
differences in the urban environment.

The quanwty of lead used in consumer prducts

Millions of tons of Pb have been used in the USA in the form
of paint and additives 1o gasoline. Since 1910, the amount of
Pb used in paint accounts 4.9 miilion tons (43%) compared to
the amount of Pb uscd as a gasolinc additive or 6.5 million tons
(57%). [n addition another two million tons or so of Pb were
uscd in paint pnor to 1910. Pb use in paint peaked in the 1910s
-and 1920s and declined rapidly during the 1930s and 1940s.
The use of Pb in gasoline escalated rapidly during the 1940s
and 1950s and again in the mid-1960s, pcaked in the carly
1970s, and then declined rapidly to its current lcvel. Major
urban centers are where the Pb cxposure problems are most
scvere and requare the most emphasis (ATSDR, 1988, Chamey
et al., 1980, Mushak er a!., 1990, Pauerson, 1980). The pauem
of use and the physicai properties of lead-based paint and
leaded gasoline differs in ways that swongly influences the
impact that each source has on urban soils.

Lead-based paint as a potential and uciual hazard

Lead-based paint predominated during the 1910s and 1920s
when housing consuruction was undertaken in locations along
major railroad routes. There are approximately 42 million
housing units that contain lead-based paint located in
residences in farms, smail owns and large cities in all pans of
the nation (ATSDR, 1988). The amount of Pb contained in the
paint was directly related 10 the cost of the paint, Older homes
in historically affluent communities are likely to contin more
Pb than older homes in historically poor neighborhoods. Most
of the Pb used in painis probably remains auached to the intcrior
surfaces where they were originally applied. The condition of
lead-bascd paints on exterior surfaces is probably more variable
and depends on type of paint, degrec of weathering and the
maintenance frequency that a pasticulor house may receive.
When lead-based paint deteriorates or is removed from the
building extesior it accumuiates in the soils around the building
and becomes an acwal hazard.

As an inact coating, lcad-bascd paint is a potential hazard
that measures 300,000 ppm Pb and cven higher. When paint
chips are reduced in partcle size 10 less than SO um (Bartirop
and Meek. 1979) they become markedly bicavailable and an

acusal hazard. Thus, lcad-besod:paine 4= generaily.a potential -

haeard whes intact and becomes @ major problem when it is
abraded ino smaii parucies by sanding and buming (Amiuii
et al.. 1987, Murino et al., 1990; Sayre. 1987).

In a recent report, age of home was used as surrogate data
for environmental exposure in order w calculate the degree of
Pb exposure of children in various U.S. communitics (Flonini
eral., 1990). The surrogate dawa docs aot agree with empirical
data from old communiues of live Minnesow communities. The
hypothesized relationship between age of home and degree of

INHGRCOA T 0RICSWT Ly Wl SuDpermed. [ e Amou
soul 1s 4 funclicn ot Sty size ana childhood 2xocsur
the patern of P% :n soil and not age of homes Map
1989, Mielke :n pressy. The accumulaucn of P dust
2avironments xnd exposure of children s relates

srocasses than simetie occurrence of lead-basea ~a.n

Lead dus: from raffic as an actuai hazard

The potental health hazard of Pb additves in isc
foreseen in the 1920s (Rosner and Markowitz, 19%¢ L
1990) and the actual accumuiaton was empincalls oo
the USA (Anget et al., 1975; Angle and Mclnuwre. 19xC
et al., 1983; Earickson and Billick, 1988). New
(Shellsheur et al.. 1975), Britain (Thornion
Australia (Day, 1977; Fergusson eral., 19xn
concentration s highest 1n the biggest Cities
inner—citics and least n smail towns and rural (ovais »
et al., 1984/85; Mielke er af., 1989; Chaney and Mwe

The parnicles of the Pb cmiued {rom sumwes
stratificd into two size categorics; 40% of the e
mass median diamcter greater than 10 um. and
emitted Pb has a mass median diameter less thes
EPA, 1986). The larger particles gencrally sewe » - -
dust within 100 m of the road while the smaske
entrained in the air as acrosols and ransporiad ey
The aerosol portion may settle out either by hewng o
by precipitauon or by impaction on surfaces ‘13 :»
Buildings are suitable surfaces for impacuon sms e
for about half the amount of Pb accumulated @ -..
buildings (Mielke er al., 1984; Chaney and ™M« a.
From the empinical daw of the cities of Miansmne .
that the major accumulagion of Pb was cmisme =
vehicies. Funthermore, the accumulaied Pb @ asm
appears 0 be the majr bioavailabie source of ™
(Mielke et al., 1983 Mielke et al., 1989: Meethe o=
1989).

Other factors also play an imporant role » eapen
as individuil suscepubility, socioeconomic stams o
status, conditions of the immediate home ang -
community awareness. Of particuiar imporaare an
such as autritional status, especially iron, calcium s «
time since the last meals (degree of fasting). Thew tx
be described as a part of the factors which wfte

" bloavailability of Pb in the gastroineestinal tract.

Soil zinc as a factor in lead bioavailability
Other wxic substances have also accumulated n xx
same pauern as Pb, and these may exacerbate the poss
becoming exposed. [nnes—city soils are often barren or
covered with vegetation, even in humid environmenss.
plant cover is a characteristic that influences the probat
Pb in soil might be available for ingestion by chi.
addition 0 Pb, onc fcature of urban soils is the ovcw
unusuaily high amounss of Zn-(Miclke er ul., 19X3;
et ul.. 1984). Zinc intlucnces the quality of plant urow
Zinc is used in the manutactunng of Lires and i1x un
10 motor vil. Together, these two uses of Zn are il
account for a lanre amount of the urban soil accumu
this mewd. Zinc s gencrally recognized as a required i
for animais and in fact has been cited as being det
humans (Prasad. 1983). On the other hand. tt
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consequences of excessive Zn © planis 15 vell-known.

Zinc toxicity for plants depends on sou pH and the amount
of Zn in the sou. According o the USDA/Sail Conservanon
Service sou pH categonies, a soil is sgongly acid when the pH
is §5.1-5.5. When the soil is swongly acid. pH 5.2-3.4, most
plants cannot toteraie more than 1,500 ppm Zn (Chaney er a:.,
1990). Only a few plants. a red fescue cuiuvar 'Meritn', Sariey,
and several il fescue cultivars, are resistant 1o elevated levels
of Zn. Most other monocotyledonous and dicotyledonous
species are Zn inlerant

The urban pattem of soil pH has been described for garden
plots of the city of Baitimore (Mielke et al., 1983). In
Baltimore, there is no clustening of soil pH within any part of
the city. All pants of the city had vegetable garden soils with
nearly an equal chance of being either aikaline or acid. About
20 percent of the garden soils had a szongly acid soil pH (less
than 5.5). Also, in the inner-city of Baltimore, about 20% of the
soil sampies were above SO0 ppm Zn. The Baltimore vegetable
garden soils were assumed to be mixec to a depth of about
15 cm and the depth of mixing dramaucaily dilutes the metai
concentration compared o what is normally within the wop 2cm
of the soil. In Balumore, the same inner—city soils that had
clevated Pb levels also had elevated Zn levels and the
possibility of swongly acid soil conditions. Several studies
indicate higher levels of Zn within 2 cm of the soil surface.

In London, soils have been recorded with Zn levels of
1,562-2,182 ppm (Thorwon, 1990). Car parks in Lancaster (UK)
have Zn levels of 1,010-3,725 ppm (Harrison, 1979), and in
Hong Kong, surface soils of roadside parks have an average Zn
concentraton of 1,281 ppm and a range of 173-11,316 ppm
(Tam ez al., 1987). The above exampies illustrate the fact that
urban soils can be both strongly acid and have a Zn
concentration of around 1.500 ppm or more. Under those
conditions phytowxicity is a problem. Chemical conditions that
weaken or diminish plant growth also increase the likelihood of
soil ingestion which, in wm, enhances bicavailability. In the
next section, selected physiological processes which affect Pb
bicavailability are discussed.

Gut Physiological Processes Affecting Lead Bioavailability

Nutritional influences: iron and caicium deficiency

It is well known that dietary deficiencies can increase Pb
bioavailability. Epidemiologicaily, the NHANES II swdy
(Mahaffey and Annest, 1986) showed that Fe deficiencies can
increase Pb biosvailability and should be accounted for when
screening popuistions for public health risks. Also, Six and
Goyer (1970) showed in a rar-feeding study that low dietary Ca
levels increased Pb toxicity. Thus, once ingested the reiative
toxicity of a given amount of Pb will depend upon the
nutritonal status of the persons at risk.

Role of the ‘normal’ microbial flora

The 'normal’ microbial flora influences base-line intestinal
epithelial cell function, and will impact Pb absormtion and
bicavailability. Flora factors which are likely 0 be impornant
have been recently reviewed (Heneghan, 1988) and can be
summanzed as follows: short chain fauy acid production by
colonic bacteria provides nutrients for colonic mucosal cells and
indirectly affects the ability of the colon 10 absorb Pb; increased

acid producuon by colonic bacteria tends w lower pH and may
increase the bioavailability of Pb; the oxidauon-reducuon
‘potential in the colonic lumen 1s much lower tn convenuonai
rats, -175 mV, compared to germfree controls, +75 mV, which
can influence the chemical form of the Pb in the lumen: dietary
{iber and the tlora’s mewbolic alwerauons of it mav influence
e amount cf fluid in the colon and increase or gecrease the
iength of tme lumenal contents wath Pb will remain in the colon
with a corresponding increase or decrease in Pb absorpoon.

Effect of pH

In general, a lower pH or higher acidity means increased soil
Pb biocavailability. However, stomach pH or acidity may vary
by a factor of 10,000 between the exemes of 1.5. a common
fasting level, 10 5.5. a common level when meaiume food is
present. Thus, the amount of soil Pb which is bicavaabie will
be determined by how full or empty the stomach is when the
Pb is consumed. Furthermore, soil can buffer stomach ad and
help prevent lower pH of gastric contents. Thus, poor maer-city
children who may eat less and frequently skip meals woutd lack
buffering capacity and have a lower stomach pH. These -nuidren
would be expected to exhibit higher Pb bicavailabuay  ™e rest
of the GI tract from the stomach to the colon, the smail swestne,
has a relatively neutral pH around 7.0. However @ @e .oion,
the pH is again lower (pH about 6.5), due 10 the presescs o the
colonic microbial flora, which produces large quantsss of shont
chain fauty acids which in tum provide numents for osonuc
epithelial lining cells.
Intestinal ransit
Slower intestinal transit, the time for passage :womgs the
intestinal tract, allows increased time for exposure o @e ol
Pb to the acid environments of both the stomach asd coion.
There are many factors which will increase or decreass tae ume
which Pb containing intestinal contents remain s thase (wo
organs. For example, faity meals inhibit gasric emptymg and
would therefore increase the time of exposure of Pb © gastnic
acid. On the other hand increased dietary fiber, which mcresses
the water consent and bulk of fecal contents promoses colonic
emptying and wouid, therefore, reduce the time colonxc Pb
conients would be exposed o a lower pH.

Role of mucus

Mucus acts like the skin of the alimentary tract and it serves as
effectively as, and in & mare versatile way than, the siun of the
body. In 1856, Claud Bemard commented that "mucus encloses
the gastric juice like a vase as impermesble as if it were made
of porcelain.” Mucus does indeed form a coberent prowective
layer covering the living lining of the alimentary tract, and its
integrity in health prevents both bacterial infection and
biochemical damage. At the same time, it allows the reguiated
mavement of simple molecules that will pass into the absorbing
cells. Recent research with microelectrodes (Bahari et a!., 1982)
has identified a hydrogen ion concentration gradient across the
mucus on human gastric mucosa due to bicarbonate secretion
by the epithelial cells: these data support the hypothesis that 3
‘mucus~bicarbonate’ protective basrier exists.

Elevated levels of mucus (Loesch, 1968), of amino acids
that are typical of mucus (Combe and Pion, 1966) and of
hexosamine have been found in the cecal contents of germfree
ras and mice, compared 10 their coaventional counterparns.
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Lindstedt er au., (1765) demonsaated a five-foid increase in the
concentraacn of hexosamine in the cecal contents of germiree
rats when compared to their conventional-controls.
Furthermore, this excess of mucus and related sybstances may
contribute (0 the inhibition of water absorpuon and the
increased liquid contents of the lower alimentary wact of
gnotobiouc rodents (Csaky, 1968).

Barriers 0 lead absorpnon

The gaszointesunal tract is not a simple dialysis wbe which
conveys food through the body but rather it is a very compiex
organ system which helps to maintain homeostasis, a
steady-state of physiological health. As a resuit, there are many
barriers, both physical and chemical, which tend to keep food
and soil/dust Pb trapped within the intestine and thereby reduce
Pb absorpaon and reduce soil Pb bicavailability. Some of these
barmiers, which are present throughout the endre length of the
Gl tract are shown in Figure | (not drawn to scale).

When a compound conaining Pb inside the gut tries o
pass into a capiilary (Figure 1, number 10), at least nine barriers
are crossed, due 1o the tightness of the junctions between the
capillary endothelial cells: (1) the unstirred layer of water
molecules, through which all substances must diffuse across w
be absorbed; (2) the mucus layer and glycocalyx, a gel layer
coating which protects the gut lining; (3) the microvilli
membrane of the enterocyie, the epithelial cells lining the Gl
ract; (4) the enterocyte ceil body: (5) the basement membrane
surface of the epithelial cell; (6) the tissue space; (7) outer
capillary endothelial ceil membrane; (8) endothelial cell body:
(9) endothelial cell membrane lining the capillary. On the other
hand, if the lead molecuie heads towards a lymphatic vessel
(Figure 1, number 12), only the first six barriers are
encountered, because there are large spaces (Figure |1,
number 11) between lymphatic endothelial cells.

One measure of the importance of these barriers is the fact
that the entre gut epithelial cell lining (Figure 1, barrier numbers
1-4) is replaced with new cells every 2 to 4 days throughout life.
Furthermore, conditions which compromise this barmier are likely
10 increase soil Pb biocavailability, such as: very young age (the
younger a person, the less well developed are their intestunal
barriers), mainugrition, hyperacidicy, decreased enerocyte cellular
renewal, and impaired mucus mewabolism.

"
. W] 2 ™)
Entsrocyte Lymphatic

BARRIERS TO LEAD ABSORPTION

Figue 1 Diagram of the anatomical and physiologica
barriers across which substances containing lead mus
in order 10 reach a capillary or lymphagc vessel. Not
to scale. See text for key 10 numbered barriers.

Other factors

In addition to these basic physiological bamers w
bioavailability, a person's life style and the substance
compounds come in contact with will also influeme
When a dose of soil Pb enters the GI tract, the fotlown
influence its bicavailability: a long fasung eerva

skipping meals) increases acidity and increasss s

(Rabinowitz et al., 1980); the presence of food 3
acidity and may bind the soil Pb thereby memem
absorption; constipadon, on the other hand, wnil was
soil Pb in the colon longer, exposing it t0 e vwght
environment created by the colonic microtme
increasing the ume available for colonic absorpuos
Pb can come into contact with other substances «food &
in the gaswointestinal tract that bind Pb and mas
bioavailable.

Soil Amendment and Lead Bioavailabilicy

Amendments could be utilized beneficially to bind 2%
and possibly reduce soil Pb bioavailability. An approp
amendment would also serve o decrease the influence
chemicals such as Zn phywtoxicity. The concept of «
PFRP (Processes to Further Reduce Pathogens, 40 C

Figure 2 Planss growing in an wrban soil conaining 5.210 ppm Pb. The two planss on the right, amended with 5% «
sewerage sludge compost, grew significansly better than the caml.r and other treatmens.
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Table 1 Number of Fischer 3+ rats in cach Jroup.

Soil amendments

Feeding vanables Null 5% W 10% W X Y Z

Feed alone 6

+3% (fibery ur 3% sludge (6) 6 6 6 6 6

+5% controt soul {~10 ppm Pb) 6 6 6

+5% urban sau (~750 ppm Pb) 6 6 6

+5% urban soul (~1,300 ppm Pb) 6 6 6 6 6 6

Treatments necded 10 assess the bicavailability of sewage sludge Pb and the effcet of sewage sludge amendments on the
bicavailability of Pb in conuiminatcd urban soils. Sludges W, X, Y, and Z would have dilferent chemical properties to
test the relative importance of sludge iron oxides. organic mauer, and limesione in reducing soil Pb bioavailabitity.

.. 257) processed municipal sewage sludge 1o Pb conwmmaicd

urban soils has becn considered by rescarchers for several years,
Amendment n place 15 desired compared to removat and

replacement of soil. for both reasons of cost and because it may

gencrawe Pb—rich dusts which would increase nisk ol exposure
of children. Composied sewage studge adds large amounts of
organic matter, phosphatcs. and hydrous Fe oxides (all of which
can strongly adsorb soil Pb) and would bc expected 10 reduce
the bioavailability ot Pb in the amended soil.

Early stwudies of sewage sludge as an amendment for urban
soils were conducted at the USDA (Swerret er ad., 1991 in press)
and included an urban soil measunny 5.210 ppm Pb and 2.620
ppm Zn. and a pH of 6.07. Onc ol the ucauments was an
amendment with 5% and 10% scwage sludge compost. The
plants growing in sludge weated soils. as shown in Figure 2,
grew significantly beuer than conuols and the other ucatments.
Scwage sludge amendments may ameliorale the urban soil Pb
problem because they bind Pb which in wmn increases the
ctfecuve panicle size of Pb. Also, the amendment would
counteract Zn phywtoxicity and cahance plant growth: this
should dccrease the physical bioavailability of Pb dust from
conlaminated soils.

Whether or not soil amendments couid be uscd 10 reduce
the bicavaslability of soil Pb requires funher investigation.
Table 1 shows a project design that would Lest the effect that
amendments would have on Pb bioavailability of urban soils.

The possibility ol using a soil amendment for solving the
Pb problcm would be awractive 10 many municipalitics. This
action might subsianually reduce the nced for removing and
replacing Pb contaminated inncr-city soils. Whawever action is
taken, the pnimary concern is improving the health of chiidren.

Coaclusions

Quantity of Pb alonc docs not detine bioavatlability. Scveral
physical and chemical propertics that intlucnce bivavailability
ol suil Pb have beea described. The two major hisweical sources
ol Pb arc kead-bascd paint and Icuded gasoline. In weems off
partcle size, lcad-based paint is a porential hazard when itis a
coating and it becomes an actual havard when it dewriorates or
1s removed, expecially by sanding and burning. The combustion
of leaded gasoline cinited small pacucles ol Pb dust that

accumulates in soils 10 form an actual hazard, cspectally within .

the inncr—city.

Zinc also accumulaes in urban soil. Zinc is phytotoxic in
urban soils when the soil is suongly acid (pH less than 5 < un¢
Zn quantitucs are above 1,500 ppm. Physiologically. there are
many conditions that 'ower gastrowntestinal tract pH snd
increase transit ume for itbsorpuon and retcauon of Pb A1 cusl
mine physical or physiological barriers exist in the gut und o
lo decrease Pb bioavailability. Preventing nutrit.. nui
deficiencies in calcium snd ron will reduce bicavailamnt. .4
soil Pb. Another way 10 decrease Pb bioavailability wowd ~ 0
amend urban soils with Pb binding agents and plant promouny
substances. High quality sewage sludge may serve that purmne
Research is needed w0 check the safety and feasibuny v s ,
amclioration approach.
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Abstract .

In this paper we review the physiological and geochemical factors affecting lead bioavailabiltty, and particularly. the
unique physical/chemical properties of lead derived from mining wastes based on both theory and empincal
observations. The relationship between biood lead levels and soil lead concentrations derived from epxdemiorcgical
studies indicates that lead in soil from mining sites appears to have less of an effect cn blood lead leveis in cniigren
than does lead at urban sites or sites with an active lead smeiter. Differences in binavailability of vanious fead species
offers a plausible explanation for the relative differences in their impact on biood lead. In this paper, we evaluate from
a physiological viewpoint aqueous solubility, absorption/desorption processes, and uptake mechanisms that may ccntrof
fead bioavailability within the Gi tract. A number of these processes, including the rule of passive diffusion. competmion
with calcium for a common transport mechanism, and the role of organic ligands. are discussed. Geochemical processes
that relate to lead bioavarilability in the Gl tract are aiso considered. Galena (PbS) and its alteration product. anglesite

(PbSCOa). are the primary forms of lead associated with mining wastes. Equilibrium thermodynamics and dissowtion___

kinetics of PbSO« are modeied because this solid is likely to control the concentration of dissolved lead from many
mine wastes in the G/ tract. The geochemical models DIASTAB and MINTEAQZ are used to caiculate theorencal
estimates of lead dissolution and a model is proposed to evaluate lead bicavailability by laboratory methods taking :nto
account poth kinetic and equilibrium considerations. This type of model requires calibration with ammal toxicoiogical
studies of lead bioavailability and with epidemiological studies of different types of lead sites. Ulimately, such a
geochemical model could be used1o evaluate the potential for public heaith impacts from a particular type of lead in

soil.

Introduction

Children living in communities with elevated soil lead
concentrations frequendy have higher than average blood lead
levels. Although it is generally belicved that ingestion of
houscdust or soil represents an important exposure pathway, the
correlation between observed blood lead concentrations and soil
lead concentrations among studies has revealed conflicting
results (Elwood, 1986). Epidemiological studies of children
residing in communities contaminaicd by icad from smelter or
urban sources frequently have higher biood lcad levels than
children living in arcas contaminatcd with lead from mining
wastes, cven when soil lead concentrations are similar (Steele
et al., 1990). Dilfercnces in the source and speciation of lead
characicnisuc of these sources rather than the wial amount of
lcad appear w0 account for this discrepancy.

Quanufying a physiological rcsponse from cxposure 10
lcad in soils is often achieved by calculating a blood lewd/soil
lead slopc factor. The slope factor is the ratio of the expecicd
increase n blood lcad levels (ug lead per dL blood) to the
increase in soil kead concentration, usually in multipies of 1000
ug lead per gram of soil. Studics relating blood lead/soil lead
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relationships have found that the slopes for children 1n smeiter
and urban areas range from 1.1 1o 7.6 pg dL"!/1000 ppm, while
the slopes for children in mining areas range from O to 4.8 ug
dL"}/1000 ppm (Stcele et al., 1990). These results suggest that
lead in soil contaminated from mining activitics is less
bioavailable than lead in soil derived from urban and smelting
sources.
Bicavailability of lcad refers w0 the fraction of ingestcd
lcad that is absorbed or taken up physiologicaily by an
individual. Adults absord roughly 10% of the towal amount of
lead ingested in the diet (Bariwrop and Khoo, 1975: Heard and
Chamberiain, 1982), although other studies suggest that
absorption may be as high as 15 - 20% (Duggan, 1983). On the
other hand, in infants iess than 2 years old, 42% of dietary lead
was absorbed with inakes =5 py Pb/kg bodywcight (bw)
(Zicgler et al., 1978). Another study cstimated up to 53%
dictary Icad absorpuon in children 2 months 0 8 years with
inakes =10 ug Pb/kg bw (Alexander et al., 1973). However.
the level of lead absorption through the gastrointestinal tract
from soils nay be quitc different.

Tluce possibilitics may cxplain the observed differences
in Jcad bioavailability: the size of the lcad-containing particle,
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the Lype or species of lead n sod, ang the geochemical matrix
incorporating the lead species.

This presentauon reviews some of the factors affecting
bioavailability of lead in soils and parucularly examines the
unique physical/chemical properues of lead denved from
mining wasles based on both theory and empincal observations.
These factors, when excluding differences in exposure. may
account tor the observed differences in biood lead/soil lead
slope factors. The unique charactenstics of lead in mining
wastes suggest specific means 1o characienze the bicavailability
of these compounds without requiring a bicod lead swdy. We
discuss a model that couid be used w0 reproduce laboratory soil
extracuon results based on a methodology used to test in vitro
won availability (Miller and Schricker, 1982) that take inw
account both kincuc and equilibrium considcrations. Such a
model couid be of use in idenufying the potcnual for public
heaith impacts of a parucular type of lead in soil.

Factors Controlling Lead Absorption

Host faciors

Physiological factors responsible for absorption and
parutioning of chemical forms of Icad in the human body may
connbule o overall lead bioavailability and explain differences
in lead uptake in differem subpopulations.

Age and nutrition are the principal host factors that have
been studied as determinanis of bioavailability. Adults are
estimated (0 absorb 10-15% of lead that is co-ingested with food
or water, while infants and chiidren are believed o absorb 50%
(ATSDR. 1988). The processes responsible for this difference
are not yet known, but differences in metabolic rate. calcium
homeostasis and physical deveiopment are thought o be
important (Chaney er al., 1989).

The influence of diet is iilustrated by the observation that
absosption can be as high as 70% in adults under fasting
conditions due 10 the very iow pH of the stomach under such
conditions (Heard and Chamberiain,. 1982). Conversely,
simultancous ingestion of lead and food causcs reduced
absorption via neutralization of stomach acid by food conteats
and reduced acid sccretion. James et al. (1985) report that the
mecal effect on lead absorpuion is a funcuon of pH that lasts
about 2-3 hours, the time during which the digesta remains in
the siomach under low pH conditions. Increased lead absorpuon
has been correlated with dietary deficiencies of calcium, iron,
seen mostly in innercity children (MahatTey er af.. 1980 and
1986), and with phosphorus, although the latter is an uncommon
problem in wesiem societies (Chaney er al.. 1989).

The existence of, as yct, unidentified host factors is
suggested by the observation of as much as five-fold
interindividual variability among adults in the amount ot lcad
absorbed from various foods and beverages (Sherlock, 1987).

Mechanisms of uptake from the gui

Over the last several decades. feeding studics in humans and
laboratory animals indicatc that solubility, speciation, particle
sizc and host factors such as age and nutrition are all imporwant
determinants of lead uptake from the gastrointesunal tract,
However. the cellular and molecular mechanisms underlying
these obscrvations arc poorty understood. In the scetions below,

we discuss how research perawming (o sciuduits ¢
parucle si1ze ang host factors has peen 'ncorporatec oo
mechantisuc models.

Chaructertsucs of lead that wiect uptane The :mrpo
lead solubility 1n determining upake 1s demonsurated »
that lead in beverages 1s absorbed twice as readdly 2
food (Minisoy ot Agnculture. Fishenes. and Food.
poruon of the lead in food is compiexed (o soluble lig;
amino. carboxviate, and chloride), but the rem:
associated with a less soiuble fraction (ey..
phosphates, and protein compicxes). The poruon
soluble ligands is thought 10 be more bicavailablc
fraction associatcd with sulfides. phosphates. o
complexes.

While aqucous solubility is an imporant tactor i
lecad bioavailability, ather tactors such as adsor
desorpuve processcs in the gasuwointcsunal (G wact
be significant These involve intcractions betwecen fo:
food contents of the GI tract. as well as paruuoring
aqueous and lipid companuments within the intewt
Because of the compiexity of the absorpuon me
expenmental and thcoreucal modcels of the human 3
incorporate microscale differences in chem
physiological conditions are likely o resuit in mor
predictions of lead uptoke from the_gut than simpic
esumatcs.

The role of particle size in bicavailability has be
in the context of icad upake {rom meullic lead any
compounds (Barigop and Mcek, 1979). An inverwe n
was found between particie size and lead abwor
relationship was most marked in the 0 to Xt
Fundamemaily, two properties of lead in smail pa
recognized: 1) lead in small particles is more easily
than lead existing in large particies due to increased
{(Healy er al., 1982); and 2) small parucles are mor
traverse the gastric mucosa and be more efficienty
Depending upon the source, small parucies may ai
more lead per unit mass than large parucies. This 15 (
smelter-derived purticles where lead concentratior
with decreased panicle size (Dom er al., 1976: Ran
1975). However, mining waste particles tend to h:
lead contemt independent of size (Drexler, 199¢
communication), resuiting in decreased bioavailabil:
10 smelter-derived maenial, for a given particie :
lcad-containing panicles are present in food, physu
caused by interactions with food and by digestv:
make it difficult, if not impossible, W predict in v
size.

Absorption models

Onc mechanistic model that has been proposed for
from the gut is based on lincae diffusion ol lead ion
gastroinestinal mucosa (Karmakar and Jayaraman.
gastrointestinal inucosa is weated as 3 two-pha:
consisting of an extraccliutar phase and a ccllular pr
ume dependence of lead concenirauons in both
predicied by the model. With the assumption that
Icad across the mucosal membeane occurs mainiy
difTusion accompanicd by uansport of waker, the ¢



Table 1 Mineraiogy of wo muning area souis.

Lead-beanng phase Soil 1* Soil 2
Anglesiee [PbSQaj 83% 53%
Galena PbS] 15% 4%
Banite {(Pb-BajSQa] 5%
Lead-phosphates {Pb«(POa)y) 4%
Thonium-iead phosphate [(Th-Pb)PO4 4%
Plumbofemite [PbFes(Or] 4%
Plumbojarosite (PhFes(S04)«(OH)12) %
Lead-axide (PbO] 3%
Native {ead (Pb) 1%

Tin-lead oxide (SaPbOs) 1%

Total point counss” 108 88

* both soils originate from Buue, MT

® each point counts represents a combination of particle size
and number of parucies counted in the following manner:
Particle size Points

1-2 um 1
2-5 um 2
5-9 um 5
10 pm 10
20 um 20

and continuing in increments of 10 pt counts/1Q pum.

able 10 caiculate the intestinal membrane permeability and the
time after ingesaon required to reach steady state absorption.
The authors found that a steady-state was reached in
approximately 19.5 minutes using a lead molecule permeability
estimate of 3.34.10°3 s'! through the intestinal membrane. It
should be noted that Gl tract chemisgy may result in the
formation of unionized lead species, e.g., PbCh (lead chloride)
or PB(OH); (lead hydroxide) for which permeability may be
significanily different

Host factor research has also provided the basis for
alternative mechanisac modeis involving caicium rangport and
vitamin D metabolism. Such models also provide an
explanation for differences in lead absorption between children
and adults because calcium uptake decreases with age (Hesney
et al., 1975). The simplest model is based on the proposition
that lead and calcium compete directly for a common transport
mechanism in the gasgoinestinal mucosa. Intestinal calbindin

7 proteins, which are normaily responsible for transport of

calcium across the intestinal mucosa, bind lead with greates
affinities than caicium (Fullmer et af., 1985).

However, recent experimental findings (Fullmer and
Rosen, 1990) indicate that lead’s interactions with calcium, and
hence its uptake, are likely more complex. Chicks were
maintained on cakium-deficient (0.05%) or adequase (12%)
diets and fed varying amounts of lead. Consistent with previous

" studies, the low calcium diet resulted in increased lead uptake.

However, concomitant changes observed in three markers of
cholecaiciferol (vitamin D) action indicate that this was not
solely due to direct compettion between lead and calcium. ln

-chicks fed the calcium-deficient diet, lead inhibited Ca

Lo x45m- ives

8L7 15 gk >

Figure 1 Photomicrograph demonsiraning the en qpemanan
of pnimary galena by pyrue

uptake, caibindin Disy synthesis and alkalias Ssmghensse
activity in a dose-dependent manner. However, @ .onas we @e
calcium-adequate diet, lcad had no such effecy 8 o0 wgram

levels, it actually increased all three markery : cumet ¢ —

comprehensive, unifying model has not beem o= g
elaborated to expiain these resuits, they do poim v ~ww g auv
important interactions between lead and the . “em m swrol
endocrine system.

Chaney et al. (1988) propose a novet @ aamestc
explanation for the inverse relationship between epmte ¢ @ad.
oa the one hand, and dietary caicium and phosphews = e
other. Drawing an analogy to the zinc deficrsmcy Semmse.
Acrodermatitis Enteropathica. they suggest bas .ead
coprecipitates with calcium phosphates formed durmg Sgrsnon
and that such lead coprecipitates are poorly or not abeoyted it
all. This coprecipitation occurs only when caikcusm and
phosphate are present at high concentrations n the Sgesta.
Passage of the digesta from the low pH of the somecs © the
higher pH's of the small intestine and the duodenum @ Bought
to provide optimal conditions for the coprecipianon w0 occur.
When calcium and/or phosphorus are preseat at low
concentrations, coprecipitation does not occur and uptake of
lead is unaffecied.

It should be noted that the Integraied Uptake/Bwokinenc
(IU/BK) mode!, developed to describe the effects of
environmental lead on commaunity blood lead levels n young
children (Harley and Kneip, 1985), assumes a nearly linear
dose-response relationship between soil lead and biood lead. but
tends 10 overpredict blood lead above 30 ug dL'! (USEPA.
1989). At these higher levels, a saturation of uptake mecharusms
appears 10 occur. Environmental blood lead smdies indicate 2
decreasing dose-response relationship over increasing soil lead
concentrations (Bomschein ez al.. 1988, 1989). The decreasing
blood lead slope with higher soil lead concentrations would
wueammﬂnbmmhbmtyofladdeamammng
concentrations of lead in soil.
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Figure 2 Photomicrograph of mine ailings demonsiranng
the austhogenic reaction of galena (interior of crysial) to
anglesite (rind)

Effect of organic ligands on lead absorpton

The presence of arganic ligands, their ability w0 complex lead,
and the suability of the complexes formed may affect both
solubility and absorption of lead in the small intestine. The
ingestion and subsequent decomposition of food substances in
the gastro-intestinal tract will release organic ligands, including
organic acids, ¢.g8., acetate, ascorbate, citrate, lactate, and amino
acids from prowin degradation (Tortora, 1980, Marty and
Raynaud. 1966). The dissolution of lead from a lead-bearing
mineral in the stomach results primarily in PbCI* due 10 the high
concentration of chioride and the common-ion effect (Healy,
1984). However, as the digestate enters the duodenum, the pH
is raised 10 approximately 6.5. The subsequent degradation of
ingested material generates. organic ligands that compete widh
chioride for complexation of Pb** throughout the small
intestinal environment. The stability constantes of amino and
organic acid complexes with Pb2* which have been measured
at neurral pH and 0.1 ioaic strengths indicate that Pb-ligand
complex stability follows the order, cysteine > citrate > tyrosine
> acetate > ascorbase (Manell and Smith, 1974 and 1977).
However the effects of such compiexation on lead absorption
have not been smdied

Swudies on upake of iron indicate that formation of
soluble, uncharged compiexes may enhance uptake of metais
from the gasto-intestinal tract (Van Campen, 1973). For
example, histidine, lysine, and cysteine have been shown
enhance on uptake in the duodenum of Sprague-Dewley rats,
due to the formation of compiexes sufficiently stable to
maintain the solubility of ferric iron. In addition, passive
diffusion of neutral lead species across the intestinal epithelium
is enhanced by the absorption of water (Blair et af., 1979, Healy,
1984, and Karmakar and Jayaraman, 1988). Thus the formation
of stable, soluble Pb-organic ligand complenes may enhance
absorption of lead, due 1o passive diffusion or reduced
interaction between ionized lead and tissue phosphate ions
(Blair et af., 1979). -

Geochemical Mechanisms [nvolved in Lead Bioavauacy;

Review of lead muneralogy

In ore deposits. lead occurs oniy in one valence suate 7 4
in a mneralogical form generaily restncted (0 cuema P
associated with pynie n porphyry, volcanic massive sofy
and swaoform and strata-bound deposits (Figure i Zigp
1980). Upon exposure of the pnmary ore 10 surtace <ondtop
a wide vaniety of secondary (alteraton) products mav icm
including oxides (PbO, PbO7), carbonates POCO~:, 3y
sulfates (PbSOq). These alteration products gemeraity (o
oxidation-reaction products that coat the prnmary mific
(Figure 2). Consequently, because of reactions & s &mer
surface. simply specifying that a lead-beanng mame v
contins galena in the mineral assemblage u & Sedam
represennation of the matenial.

Lead associated with mining waste conmses renaniy
galena (PbS) altered to anglesite (PbSOs) & e ofic
horizons of wasie piles (Tetra Tech, 1985, CT™ e
sulfates (PbSO4) and oxides (PHO. PHO1) we ro wewiie
forms of lead at smelter sites (Foster and ..m =« ¢
associated with mining acuvites is (ypically 'wew ¢ ovg
lead-bearing solids, in which lead substtuses s o wet
in the crysal lattice, in addition 10 the COMMRS <o’etis §
sulfates (Table 1). The major forms of lead prevassm « « o
site appear to be source-specific, in thsm  .asresgx
variability is more between e A o -
one site (COM, 1989, Tetra Tech, 1985). Pww v wasvein
best identified using an electron microprobe »» @ -- «qaw «
phase swichiomery. The resulong spectra s @ e ¢ wux
the phases present.

Foster and Lout (1980) siudied the commenmes o &
compounds in airbome particulaies assscumed owh
handling, sintering, and blast fumace operansss swmns 3 &
smeiter in Missotri. Lead sulfide (PbS) wes wpows &
major constitient in samples associsted wwh we i
while lead sulfate (PbSO4) and a lead aside 'pec
(PLOPBSO¢ (lead sulfate, basic)) appeared © de @ xweun
species associated with smeifing operauons pomssty Juc
fugitive lead emissions from the stack.

It shouild be recognized that lead contammemon @ il
historical mining and smeliting sites may be due » pun w0 k
derived from gasoline and lead from house pasms. L'aal 19
lead was added 10 gasoline as both tetramewdyl 2
tetracthyllead as an antiknock agent (NAS. 1979). Sew
investigations have demonsrated that lead concengranons
elevased adjacent to highways, with concenoabons decrex
exponentiaily, both with soil depth and distance sway from
road (Mowto er al., 1970, Lagerwerff and Sprecin. 19
Following the phaseout of high concentrauons of lea
gasoline (1974-1980), lead concentrations have decrease:
soils near highways (Byrd et al., 1983). The major torm of
in automobile exhaust is PbCI1Br (Chaney er ai.. 1989), wi
is rapidly transformed to suifates and carbonates in
eavironmem (Biggins and Hasmison, 1980).

Weathering of lead paints can also contribute © lea
soil around the exterior walls of houses (Chaney et al.. 15
due 10 the use of lead in the octoate, oxide, carbonate. sul
and chromate forms as pigments in painis. Although cu
reguiations limit the addition of lead 0 0.06 percent @

N’
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Table 2 Leaa-bearing nunerc forms denuified in texs.

Formula Name

PbCl2 Lead cnicnde. or cownnite
PYOH)2 Lead hydroxide. or lead hydrate
PbS Lead suifide, or galena

PbO Lead oxide, or massicot, or litharge
P2 Lead dioxide, or plagnente
PbCO3 Lead carbonate, or cerrussite
PbSO4 Lead suifate, or anglesite
PbSO4 . PHO Lead sulfate, basic, or lanariite
Pos(PONCT Pyromorphite

Py(POs)2 Lead phosphate

1979), surfaces coated with paint prior to 1950 and soil
impregnated with lead containing pamnt chips are a potenual
source of lead contamination.

Particle size of lead phases at mining and smelting sites

Technologies used to extract and process lead have changed
significanty over the last century. Techniques used over time
0 mechanically and chemically extract lead have resulted in a
variety of rypes and forms of lead in the environment. Valuable
minerals, including lead, are commoniy separated from gangue
or waste rock by one of two methods. Both methods involve a
crushing or grinding swep, followed by differing methods of
concentrauon or beneficiation. Before the twentieth century, the
technique used to concentrate lead munerals from waste rock
depended on gravity, taking advantage of the higher density of
thcnuwalpamcles.Fo:mmple galena (PbS) has a density
of 7.6 g cm?3 comparedtoatypr.alwmmckwhnchhasa
density of 2.7 g cm'} (Davies, 1983). The waste rock or spoils
from this type of ore beneficiation process is known as chat.

In 1906, the process of froth flowation was patented
(Davies, 1983). The process is based on differences in the
physicochemical surface properties of mineral particles and
waste rock. In froth flotation, the ore must first be finely ground
(usually to about 200 um) to liberate the mineral component of
the ore from the waste rock. The finely ground ore is then mixed
with water conuining a frothing or foaming agent which
selectively coats the surface of the mineral particles and makes
them hydrophobic. Whea air is bubbled through the mixture,
the coated mineral particles rise o the tog in a froth and are
separated from the waste rock, which sinks 10 the bouom
(Aplan, 1985). The waste rock produced from froth flotation is
known as uilings, which are typically smaller in particle size
and lower in residual metals compared 10 chat. Spoils piles in
the Old Lead Belt area of Missouri averaged 2,0004,500 ug g
Pb, while those in the New Lead Belt area where froth flotation
was used more extensively averaged only 300 ug g! Pb
(Wixson er al., 1984).

Mining and milling processes usually generate relatively
large parucles. The particle size of wilings from different ores
have been measured in the range of 10 1o 1000 um, typically
with none smaller than | um (Andrews, 1975). In a sample of
chat from lead ore, only 14% of the particles were smaller than
100 um (Lagecwerff and Brower, 1975). At the Sharon

PTI/38 1

8885 15.8KV
Figure 3 Photomicrograph showing primary galena
encapsulated by pyrite altering 10 FeSOaq.

Steel/Midvale Tailings site in Utah, actve from 1910 w 1971,
mineral distribution and particle size charactenstics of wdings
piles were determined as part of a comprehensive study w0

evaluate the feasibility of reprocessing mine tulings 10 recove—=—

lead and other minerals. Lead suifide (PbS) parucle sizes
resulting from liberation in laboratory sampie preparauon.
generally ranged from less than 10 1o 230 um with a typical
range of 30 - 60 um (Hazen Research Inc., 1989).

The particle size as well as the mineralogy of lead denved
from smeiter emissions is quite different from lead denved from
mining/milling operations (Table 3). Lead parucies released
through smelter stacks are typically less than a few microns in
diameter. A study of smeiters in Missouri reported that 66
percent of the mass of lead measured in the air oa a farm near
a smelter (800 m from the smelter stack) was associated with
particles smaller than 4.7 um as described in U.S. EPA (1986a).
1n Meza Valley, Yugoslavia. a series of studies investigated lead
exposures from a mine and a smelter.The mean parucie size of
stack emited lead-bearing particles measured during a 24 hour
sampling event was less than 0.8 um (U.S. EPA, 1986b).
Particle size characeristics and associated forms of lead in soils
in this area were, however, not described.

Thermodynamics and equilibrium dissolution theory

Thermodynamic constraints may be used to predict aqueous
lead concentrations in equilibrium with a solid lead phase
(Garreis and Christ, 1965, Lindsay, 1979) that can be applied
t0 estimate solubilities of lead in the GI wacL However, it
shouid also be noted that such models do not consider the time
available for .iissolution, which may preclude auaining
equilibrium solubility. The thermodynamic approach forms the
basis for geochemical computer codes that are used (0 solve
complex speciation problems involving hundreds of aqueous
complexes and several mineral phases. Computer codes such as
DIASTAB (B. Robbins, January 1988, personal
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communication) and SOLUPLOT (Bethke, 1978) provide.
Eh-pH, solubility, and distribution diagrams (Figures 4 and 5)
from free energy data, while the code MINTEQ (Feimy et al.,
1983) and subsequent generations, e.g., MINTEQA2 predict
total aqueous mewal concentrations at specified values of Eh,
pH. and reactant concentrations. Speciation codes are aiso used
to determine the major metl compiexes in solution ie., the
diswribution of lead species (Pb?*, PbC1*, and PbCl; (in the
presence of chloride)).

Theoretical solubility of lead in the gastroimtestinal tract

Use of geochemical models 10 estimate lead solubility in the GI
tract after ingestion requires knowicdge of the frequency of the
predominant lead-bearing phases in a soil or mining wase
sample. Mineral swichiometries are identified from the solid
phase microprobe spectra. Thermodynamic data (free energy of
formation) are available in the literature for many of the
common solids. If unavailable, free energy may be estimated
by determining the ratios of the end member compounds and

proportioning the free energy accordingly (Tardy &
1976; Nordstrom and Munoz, 1985). Estimation of e
solubility can only be employed for those solids
identifiable structure and for which relisble therr
data has either been published or may be estumated.

Solubility of a lesd-bearing phase is 3 function ¢
strength and composition of the solution, the degree
lead complexing, and the Eh, pH, and temperas
environment. To illusrate the dissolution of a solid
tact, consider a pure, cubedral, galens crysal, 1
of anglesite (PbSO4) around a galena core. This -
reaction is observed routinely in photomicrographs
waste (Figure 2) and may be represented by the redo

PYS + 4H20 === PbSO4 + 8H" + 8¢’

Typically galena is not siable a surface tempx
pressure unless encapsulated within pyrite or the pyr
product, FeSOq(s) (Figure 3). Thus.A the pertines
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describing dissolution of ingesied PbSOq4 in a solution
consisting primarily of HCl in the stomach may be described
by:

PbSOu(s) + HCl ===Pb®* + CI' + HSO* (2)

Using the thermodynamic data for PbCl, 2 complexes and the
products and reactants of equauon (2), (Tabie 4), the principal
inorganic lead compiexes resulting from equilibrium
dissolution of PbSO4 can be evaluated using the equilibrium
speciaton compuier models described earlier.

Application of geochemical modeis: The curremly accepted
model for dissoiution of lead from ingested soils assumes
solubilizanon of the lead-bearing phases in the human stomach
ata pH of 1 to 2 (Miller and Schricker, 1982; Chaney et al.,

Table 3 Properdies of lead emiuted from different sources.

Source Predominant Dominant species
particle size

Mining/milling site 10 to 1,000 um PbS, PbSO4s, PCOs

Smelting site <l-Sum PbOQ, PYO-PHSOs

intestine.

1989) with a residence time of 2 to 3 hours (Malagaleds ¢r .,
1977). Neutralization of the solution by bicarbonate 1om occurs
as the bolus passes from the stomach inw the smail sesune
and the pH increases to 6-7 (Miller and Schricker, 1982). This
condition results in a net negative surface charge on solid
surfaces o which positively charged lead species (e.g.. Pb",
PbOH", PbCI") sorb. Consequently, dissoived lead
concentrations may decrease as the pH increases from the
stomach to the smail intestine, assuming that adsorpuon to
surfaces rather than complexation by soluble ligands is
controiling Pb solubility. MINTEQA2 is capable of modeling
sorption of cations 10 soil surfaces: however, due to the absence
of pertnent data, i.e., the specific surface area of the sorbent,
the net point of zero charge of the solid, and the concentration
of cations competing for sorption sites, modeling of sorpton to
soil surfaces was not auempted at this time.

Examination of the Eh-pH diagram (Figure 4), constructed
using DIASTAB., indicates that PbSO4 and PbCO3 will conrol
lead solubility under geologic conditions below and above pH
6., respectively, under oxidizing conditions if both suifate and
carbonate are present in sufficient concentrations to allow
precipitaion. Under reducing conditions, PbS controls lead
solubility; however, experimental Eh daa obtained using New
Zealand White rabbits (Davis et al., in press) indicates that
oxidizing conditions prevail in both the stomach and small

e eew, T D

————

The anglesite and cerrusite solubility diagram (Figure 5)
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Table 4 Thermoarnaruc iuapase [or Je2Chemucal modeiing.

Lead species 3Ge keal AH¢ keal Ref.
Aqueous
Pb~2 -5.83 -0.41 i
PbOH™ -54.09 ]
PYOHx(aq) -96.10 2
P OHN- -137.57 1
PbCI* -39.39 1
PbClz(aq) -71.03 1
PCls- -101.89 1
Pb(HS)3- -19.8 3
Pb(HS)2(aq) -209 3
PbSO«((aq) -187.20 1
Solids
PbCl2(s) comnnite -75.07 -85.90 1
PY(OH)(s) -108.08 -123.0 1
PbCIOH(s) laurionite -93.50 1
PBCIOH(s) laurionite -114.8 3
PbS(s) galena -23.59 -24.00 1
PbO(s) litharge -15.15 -52.34 1
PbO(s) massicot <4491 -51.94 l
PbO2(s) plaunente -51.94 -66.30 1
PbSO«(s) anglesite  -194.36 -219.86 1
PbSO4PbO(s) lanarkite -246.70 -280.00 1
PYCOa(s) cerussite  -149.50 -167.09 1
PHYOPLCO3(s) -195.20 -219.50 1
2Pb0O.POCOs(s) -241.90 -272.94 3
Other species
H:zO -56.67 -68.31 1
i 20.5 791 1
HS’ 2.89 -4.21 1
H2S(aq) 6.64 -9.59 1
5042 -177.94 -217.33 1
HSO4--180.66 -212.07 1
COxAg) 9226 -94.05 1
COs- -126.15 -161.83 1
HCOs- -140.25 -165.39 1
H2COs(aq) -148.92 -167.14 1
cr -31.36 -39.96 ]
HCl(aq) -22.78 -22.06 1
Organic Ligands
Pt(acetate) 293 L
Pb(acetate)2 4.77 5
Pb(ascorbate) 241 b1
Pb(citrate) -5. s
Pb(citraten 429° 5
Pi(cyswine) -15.82 6
PY(tyrosine) -5.65° 6
Pb(tyrosine)2 -11.65° (-]

*All values for organic ligands are & 25°C
and 0.1 ionic strength unless otherwise indicated.

825°C and 2.0 ionic strength.
€20°C and 0.37 ionic strength.
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construciel dsing DIASTAB. demonsTuies Sal e i
Pb=* wiii be 107 % 169 mg L of dssoivea P=°°
stomach 1if the bathing soiuton reacned equiiicrium
anglesite at pH 2. However, the lead acuvity 1s predic
decrease duning passage through the smail intestre.
equilibnum betseen precipianion of 26CO1 ana orma:
PbCI™ and POH™ will congol lead sowbiisty.

The efficacy of MINTEQAZ2 as a predicuve ux
invesugated in this study by companng expenmenta ¢
model results. The experimental soiubility of angle
different solutions has been measured by several author
Dyrssen e: ai. (1969} in 0.2 M sodium perchiorate (62.5 ¢
and Giordano (1989) in 10* M acetate a1 40C (38 mg L
a review of the available data, Clever and Johnswon
recommended an angiesite soiubility of 35 mg L' in w
35C. Simuladons using MINTEQAZ2 predict 45 mg i
anglesite dissolution in 10~ M acetate (appz. = 10 %,
mg L} in water (apyz. = 1073-38) both ar 37C. Both these
compare well with the experimental data,

MINTEQA?2 predicts that dissolution of ang:cuwe
stomach will produce 69 mg L' of dissoived <ad 2
10'2'77) in soluuon (Table S). decreasing o 37 mg . .
10*12) as the digestate passes into the smail nucwun
addition of organic acids capabie of compiexing ¥~
and cirrate at 10 M) increases dissolved lead w ~. wg
the small intestine, while the addition of 10" M ™y
absence of organics) decreases dissolved lead © ~ ¢ ¢
(apm2+ = 10%74) due 10 the precipitation of PP
(pyromorphite), Pbs(POs)3(OH) and P™P, .
phosphate). These results indicaie that organe -~
lead in the small intesune will increase ..sm cnsas
solubilized lead while decreasing the acuvity ot P° e
presence of phosphate ion may cause a decrease & win
lead if kinetic constraints allow the precipuauos o
lead-beanng species.

Dissolution of galena (PbS) at PH 20and Eb e ».
is predicted to resuit in 69 mg L' dissolved lead (2
10377y due to precipitation of angiesite, while dissolu
galena a1 pH 7.0 and Eh = +200mV is predicted 1 resu
mg L' (apu2e = 10729 dissolved lead. conuol
precipitation of Pb4O03(SO4), POSO4APYO, and PbSO4. .
mass of galena was assumed to be present. oth
MINTEQA2 wouid continue 10 dissolve galena and prec
anglesite ad infinirum. The modeled concentrauons are ¢
10 the experimental data of PbS dissolution which resy
480 mg L dissolved lead in in vivo gastric fluid (Healr
1982). Thedas:emybuweeuuwdeledmdexw
results s pH 2.0 is probably due t0 kinetic constraints
precipitation reactions predicted to congot dissoive
concentrations during dissolution of gaiens.

Dissolution of the minerals massicot (PbO) and ¢
(PYCO;) were also modeled using MINTEQAZ becaw:
two forms of lead have been observed at smelung and
sites. The resulting lead concentrations of 1.4x107 mg
PbO and 1.6x10° mg L' for PbCO;y indicate that ¢
dissolution will occur at pH 2.0 and dissolved lead in
tract solutions at equilibrium with these minerals will be
by the mass of material in contact with solution.

MINTEQA?2 results for speciation of lead (T
indicate that Pb3* will predominae in the siomach and
relative concentration of Cl” in the smail intestine will




Table 5 Resuits rom MINTEQAZ anaivses.

Modeled conditons: Galena Anglesite Massicot Cerussie
lead concentrauons (mg L' PbS PbSQOs PO PYCOs
Lead conc. in stomach 69° 9 1.4x10° 1.6x10° ¢
pH 2.0, 0.01 M CI (1L7x107¢ (1.7x10°™) (6.5) 0.32)
Lead conc. 7in small intestne 104 17
pH 70,107 MCT 6.3x10'% (1.3x10™%
Lead conc. in small intestine 61
pH 7.0, organics present* (7.6x10°%)
Lead conc. in 10”° M acetate 45

(1.1x107
Lead conc. xn small m:esnnc 15
pH70. 107 Mcr, 10° M Ga™, (1.8x10°%)

10 M PO

*Both acetate and citrate present at 10™ M, 107 M CI'
w0 precipitauon of angeisite
cl‘luml:aers in parentheses indicates free Pb®* ion activity

“Due 10 precipitation of Pba(SO4), lanarkite (PbSO4.PYO), and anglesite
'Dlssolved lead limited by mass of material in contact with soiution

‘Due (0 lead- -phosphate precipitates discussed in text

the speciation of lead between Pb2*, lead-chiorides, and
lead-hydroxides. The addition of two organic ligands to the
simulation suggests that these species may be important in
conuolling lead solubility in the GI tract.

Application of MINTEQAZ (0 the dissolution of anglesite
in water and acetate indicates that the model is capable of
repiicating the experimental resuits of simple systems.
However, when MINTEQA?2 is applied to gaswrointestinai
chemistry, differences between the limited experimental dawa

Table 6 Resuits from MINTEQAZ2 analyses.

and mode! results are evident. The MINTEQA. revuis
presented here indicate the relative importance of severai
common lead-bearing phases, the effects of phosphae and
organic ligands, and the speciation of lead as a funcuon of pH
and chloride concentration. However, any anempt 1o accurately
model GI chemistry must simultaneously take into account the
presence of organics, POs 3- HCO; *, and sorpuon phenomena
among other vaniables in the GI gact. Thus, thermodynamic
models should be viewed with caution due 0 uncertunues

Solid phase  Distribution Distribution Distribution Disribusion
of lead in somach  of lead in SI of lead in SI of lead in SI
pH20 pH 70 pH 10 pH 70
0.01 MCT 0.1MCT ' mMcar organics
Galena 7% Pb** 21% pp>* 84% Pv>* 29% Pb>*
PbS 28% PbC1° 64% PbCT° 16% PbOH"* 6% PYOH"
6% PbCla(aq) 63% Pb cirate
3% PbOH" 2% Pb acetate
Anglesite 70% Pb®* 21% Pv** 80% Pb>* 30% Pb**
PbSOs 26% PbCI° 63% PbC1° 14% PbOH* 5% PHOH"
4% PbCla(aq) 5% PbCh(aq) 6% PbSO4(aq) 4% PbSO4(aq)
1% PbOH* $9% Pb citrate
2% PbSO4(aq) 2% Pb acetate

“Both acetate and citrate present at 10% M, CT & 107 M
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Figure 6 Runge-Kuuia fit 10 PbSO4 dissolution data

the input parameters.
Kinetics of Lead Dissolusion

To date, no data have been generated that accurately represent
the dissolution of anglesite (PbSOy4) in the GI tract because the
limited residence time of soil in the stomach (2 0 3 hours,
Malagaieds er al., 1977) precludes atainment of sieady siate
conditions. As a result, dissolution of lead-bearing phases may
be controlled by a kinetic process, rather than by equilibrium
thermodynamics. Therefore, the ability w0 predict the rae of
mineral dissolution in the slomach environment is critical in
estimating lead bioavailabilicy from mining wasie. Angiesie
dissolution kinetics were modeled in this paper because this
solid is likely w0 control the concentration of dissolved lead from
many mine wastes in the GI tract

A literature search on the dissolution kinetics of
lead-bearing solid phases under physiological conditions
indicates no previous work on this topic. However, the time
dependence of PbSO4 dissolution in buffered acetate solution
has been examined by Giordano (1989), who found that PbSO4
reached equilibcium after approximately 40 hours a1 25°C in pH
4.6 buffered acetate solution (Figure 6). By analogy, these data
imply that equilibrium between PbSO4 and stomach fluids may
not be attained during the residence time of mine wastes in the

stomach.

Kinetic models

An alternative 10 an equilibrium based model 0
dissolution of PbSQ4 in the GI tract is a rate-bases
description of the system. For example, dissolugon of
been shown (0 be dependent on both solubility and par
(Healy er al., 1982). These wo factors are combine
Noyes-Whimey dissolution rate law (Healy, 1984) i.c.

dC/dt = ks (Cs - ) &)

where C is the concentration of lead in bulk solution
surface area of the particle, C, is the solubility, ar
constant of propoctonality. This model predicts that U
lead dissolution is proportional 10 both PbS solubilit:
surface area of the PbS particles, which is dependen
particle size and shape. Therefore, to examine the kir
the mechanism of PbS dissolution, the surface arc
dissolving solid must be relatively constant during u
of a dissolution experiment, allowing the rate const
normalized for surface area.

Several potential reaction mechanisms fo
dissolution in the gastric environment are desc
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Figure 7 RungeKuua fit o0 PbS dissolution data

equations (4)<(6). Reverse reactions are considered in ail of the
mechanisms because precipitation of PbSO4 becomes important
as the system approaches equilibrium.

Unimolecular:

PBSOL ._—:’_; PY* 4+ 5042 0
Bimolecular:

PbSO4+C1‘=:’-z=PbCl’+SOJ' )]

Consecutive second order:

k
H* + PbSO, ===

Pb2* + HSO4
k;

N 6
PP*+CI" == PCI*
ko

The ummolecular reaction mechanism simulates simpie
PbSO4 dissolution. After rearrangement the equation resulls in

the rate expression:

d(PY**Y/dt = k; - k.; [Pb]? ™M

assuming that mpp2+ = mso,2-. Equation (7) can be rearranged
and integrated to yield an empirical solution that expresses
{Pb?*] in terms of time and rate constants. However, the
algebraic solution becomes quite complex. To provide an
analytical solution 1o equation (7), the fourth order Runge-
Kutta-Fehiberg method (Maron, 1982) was coded in Pascal. As
an inidal test, the code was evaiuaed using PbSOq4 dissoluuon
data published by Giordano (1989). A forward rate (k;) was
determined from the first three data points and assumed to be
constant throughout the experiment. This allows calcuiation of
the backward rate (k1) &t equilibrium when ki = P31 &.
The Runge-Kulta method was then used to predict (Pb**], based
on ki, ki and time (Figure 6). The solution w0 Equauon 7
accurately simulates the experimental dawa at the early ume
period, when the reaction rate is linear, and also as the reacuen
reaches equilibrium, but fails to accurately predict [Pb*") at
intermediate times. This discrepancy is probably due to iwo
factors. First, equation 4) faus 10 take into account subsequent
reactions of Pb** and SOs > which may drive the reacuon
forward, and secondly, there is no attempt 10 account for the
effect of changing particle size on the dissoluuon rate.
Experimentally, this latter variable may be eliminated by



uulizing relauvely large parucies. resulung in negugible surface
vanatons. (proporuonal o ~ for sphencai parucles) over the
course of the expenment. The Runge-Kuua method could not
be appiied to equauons (§) and (6) because experimentally
determined chlonde and suifate concentrauons n the stomach
were not available.

As a second test of the accuracy ot the kineucs mode{. data
on PHS dissolution (Healy er al.. 1982) (parucie size 100 =20
um) in in vivo gastnic fluid were also inerpreted using the
Runge-Kutta method (Figure 7). This application is appropriate
because the first step in dissoludon of PbS is analogous w0
equations (4) and (7), even though Pb* and S¥" will participate
in further reactions. The caiculated fit follows the experimental
data reasonably well. implying that the dissociation of PbS 0
form Pt** and S may be the rate determining step in
dissolution of PbS. However, reaction of $*" with Oz to form
SO3 ¥, 5,07 %", and SO4 " has been shown to behave according
10 a first order rate jaw when O3 is in excess and proceeds with
a rate at pH 4 that is similar to the PbS dissolution reaction
(O’Brien and Birkner, 1977). Therefore. the rate of S?* reaction
may influence the net conversion of reactants to products.

Consequently, a more sophisticated model is necessary to
simulate galena dissolution in the GI tract. Based on
MINTEQA2 resuits, equilibrium disaibution of lead at pH 2.0
favors Pb?*, with PbCI® and PbCh as minor products
suggesting a reaction mechanism that incorporates PbCl™ as an
end product (e.g.. equations (5) or (6)) in the GI tract, However,
the available experimental data are simulated reasonably well
using the solution to equation (7) suggesang that, at least at pH
2.0, complexing of lead is of minor imporance Lo the kinetcs
of PbS dissolution. The lack of experimental data where PbSO4
pasticle size is constwrained and the use of more sophisticated
models that incorporate lead complexing are important topics
for future research.

Conclusions and Recommendations

Mineraiogical analysis and photomicrographs of soils from
mining areas in conjunction with geochemical calculations
indicate that lead suifate, PbSO4, will control lead solubility in

mining wastes. However, lead from other anthropogenic.

sources may also be peesemt in the sulfate form and may be
chemically indistinguishable from mining waste lead.
Photomicrographs indicate that galena crystais are often
enciosed in a pyrite or silicate mamix, making them unavaiiable
for dissolution. If this type of encapsulation is typical. then
dissolution will be limited by the available PbSO4 surfaces.
Consequenty, the use of equilibrium computer models such as
MINTEQA2 will provide erroneously high dissolved lead
concentrations. Furthermore, sieady state dissolution may not
be achieved during the relatively rapid passage through the
stomach and gastro-intestinal tract. The shont G transit period
implies that dissolution kinetics may conurol lead concentration
and, therefore, bioavailability. An accuraie model of lead
bioavailability must incorporate kinetic considerations as weill
as site and host-specific: factors including particle size
distribution, lead phase mineralogy, age. and nutritional status
of the individual.

Given the significance of exposures 10 lead in soil and the
importance of bicavailability in esimating body burden from
* "sach exposures, we believe it is imporant that efforts be made

10 develop a short-term approaca for esumaang C10avaac,
for those situations where epidemioiogical daw are unasayag

In addition. an :n vuro dissolution system showd
developed which mimics the gasgo-intesunal tract wking ¢
pH. organic ligands and other related factors ino acccunt T
system should be tested with lead sampies from sol & <
where well-conducted epidemioiogical invesugauons ng
been performed with a range of sou lead/blood lead sic
values. The in wiro system could then be calibrated (0 vieic
range of solubilities or solubtlization rates that are similar o
range of slope factors. Solubility information could
ingerpreted with respect 0 incremental impact of lead in s
blood lead.

Development of the ia virro system shouid prow
information for input parameters for quanuotative modeis. F
example, it is expecied that the in vitro system couid descn
appropriate pH/Eh conditions and concentrauons of liga
The quanttative mode! could provide estimates of solubie le
based on such inputs. To be biologically plausible. such 2 ma
should describe potential concentrauons of soluble lead pres
as free ions or complexed to soluble ligands. The solubiiuty bir
or rate from this type of modeling should also be .unsiderec
models designed 0 esumate blood lead concentaucns
environmental data ‘such as the Integrated Uptake,Biokine
Model. Potential uncerainties with this approach include -
inability t0 adequately quanufy host specific {actors such
developmental status of the gastrointesunal tract or dir
uptake of micropartcles of lead.
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Midvale Community Lead Study

R. Bornschein, S. Clark, W. Pan and P. Succcp
Department of Environmental Heaith. University of Cincinnan Meaicat Center. Cincinnati. CH 45257-3056 L 3A

Abstract

The pnmary objective of this study was (0 ascertain whether children living in close proximity to mill tailings ang a former
lead smeiter sitea ware currently exnibiting elevated blood lead (PbB) concentrations. To adoress this issue. the mean
Pb8 for community children and the reiationship between PbB and the proximity of the child’s residence to the site was
astimated. A secondary objective was to identify and Quantify accessible lead (Pb) ana arsenic (As) in the environment
(8.g. Pb in soil. dust. paint and water or As in soil and dust). A third objective was (0 test for association between specfic
sources of environmental Pb and Pb8 and to estimate the reiative contribution of these proximate sources o! lead to
the children s PbB. The aata analytic methods allowed estimation of both direct and indirect impact of environmentaiy
accessible Pb. The average PbB level of ail children screened in Midvale was 5.2 ug aL™'. Three percent exceeged
15ug L™ 12.7% exceeded 10 ug oL™'. Pb-based house paint and Pb contaminated soil wera identified as princ:oal
contributors 10 PbB. Pb8 was found 1o increase 1.25 ug a™ per 1,000 ppm inzrease in lead in soi. Proximity of
residence o the mill and smelter site was found to be a strong predictor of Pb in soi, and therefore inairectly re'ated

to increases in PbB.

Site History and Description

The site included a former milling and smelting operation
located 12 miles south of Salt Luke City, Uwah. Milling or
smelting operauons were in cffcct (rom 1910 w0 1971, The
smelter (located north of and adjacent o the mill site closed in
1958, the milling operation closed tn 1971. During the milling
operation, sulfide concentrates of lcad, copper and zinc were
extracted by froth flotauon from ore. The facility operated as a
custom mill, rcceiving ore from many sources and
concentrating and cxuracting a varicty of meuals,

The @ilings from the milling operations arc located at the
mull site 1n prles up o 50 fect deep, covening approximately 260
acres. Arscnic, cadmium, lcad, chromium, copper and zing have
been idenuficd n potenually hazardous concentratons during
previous analyses of twilings sumples. Residential and
agriculwurai areas which surround the mill sitc have been
potcntially subject 1o conmination dirccuy via the air pathway,
with soil becoming contaminated duc W wind-deposited wilings
and stack cmissions during smelling opcrations. A potential
hcalth hazard was thought 1o cxist as a result of direct human
contxct (inhalauon or ingesuon) with conaminawcd malcrial
(wilings, soil or reintrained airborne puruculates).

The City of Midvale, with 4 10wl population of about
12.000, is located udjacent o the mill sitc and 10 the east
Approximatcly 1,340 people live within 0.25 miles of the sitc,
and 8,180 pcopic live within 1.0 miles. Occupied residenual and
commercial arcas lic immediatcly adjacent 10 the mill sie on
the cast. The study arca was bounded on the cast by Interstate
13 and on the west by the now inacuve mill and wilings sitc
and smelier slag piles. The northern boundary was at Eighth
Street, while the southen boundary was at TilTany Town Drive.
These boundarics were sclectcd as siudy boundurics because
they comncided with the current naturai boundarics of the
neighbourhood. The study houndancs and key relcrence points
arc shown in Figurce 1.

Sampling frame
Study participants consisted of children, 6 to 72 monus of age.

currendy residing in the study area previously descnibed. A—-=

turther restricion was that they must have resided at their
current address for a lcast 2 months. Swdy enroiment +as
voluntary. Pregnant women and nursing mothers »cre also
encouraged to parucipate if they resided in the study area.

Selection of siudy participants

The large number of potentially eligible study parucipants
(>250 children drawn from >200 familics) preciuded the
necessity of tesung all children in order to obuain a precise
estimate of the population mean PbB and distribution.
Thercfore, 2 random sample of approximately 50% of cligible
children was recruited. Random selection from among eligible
families was conducicd within each of the 45-50 blocks that
comprised the arca. Several partial blocks had as few a 5
dwelling units. Most had about 2040 units. while a few blocks,
with large aparuncnt complexes, had over 100 units. The
number of residences sclected in each block was proportional
1o the density of eligiblc families in each residence type
(apaniment or single (amily) in the block. Recruitment and
blood sampling occurred over a three week period in
Sceplember, 1989,

This proportional randosn sampling stratcgy produccd a
sumple that was representative of the community with respect
10 location of residence, type of housing and cthnic make-up of .
thc community. Suine familics had more than one child in the
wrget sge range. In that cuse, cven though all children in the
family inay have been tested. only onc was randomly sclected
for cstimaung the mcan PbB ol the wrget group and for
modciling the environmental keawblood lcad relauonship.
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Overview of Census and [nterviews

Six. (wo-membper teams were used in the cotlection of the
census data. Ail census akers underwent thorough wraining on
methods used tc obtain reliable and comple:rs data. [nterpreters
(Hispamc. Laouan. Cambodian and Victnamese) were available
1o assist census :cams. Study descripuons and announcements
were prepared in scveral languages. An effort was made to
contact ail residents 1n the study area at their homes. [n the event
that no one was at home at the insual visit, the teams made two
additional attempts w contact the family on different days at
different umes of the day.

The following represents somc of the key information
obtained by interview during the initial ccnsus or during a clinic
interview:

(1) Currcnt address.

(2) Namcs and ages of all children residing at the residence.

(3) Namecs and ages of pregnant women or nursing mothers,

(4) Durauon of residence at current address.

(5) Type,. age and condiuon of current housing.

(6) Parental occupauon and cducauon.

(7) Recent major rcnovauon at current addeess -or prior
addrcss.

(%)  Frequency of childhood habits such as mouthing
behaviour.

(9) Use of fill matenal a1 any site on the residential lot

(10) Lead-related hobbies or occupations.

(11) Time spent (hours per weck) at day care centers or
secondary residences.

Protocol for Blood Collection, Lead Analysis and Quality
Control

Whole btood samples were collecicd by trained pediatric
phiebowmists for the analysis of icad. protoporphyrin (FEP)
and hematocnit, For these analyses, 2 mL of biood was obtaincd
using a venipuncwre biood collection technique. A serum
sample was obwincd for possible determination of iron staws
in the event that the FEP was clevated.

Sample collection .

Venipuncture sampies were drawn using a 23 gauge buucrfl
apparatus auached to a 6 mL disposablc syringe. Blood was
immediaicly dispensed inw a K3 EDTA-conwining pediatric
vaculainer tube by insertion of the ncedlc through the wp of the
tube. The tube itseif was the inveried several times 1o mix the
anticoagulant A rcd t0p pediatric vacutainer was filled for
possible iron determinauons.

Sample analysis

(1) All sampics were analyzcd for lcad in duplicate using anodic
stripping vollammetry (ASV). Analyses were conducted at the
Universuy of Cincinnati using the mcthod of Roda e al. (1988).
(2) The Icad concentrauon of onc in cvery 20 blood samples
was dcicrmincd by ESA Laboratorics. Inc, for inter-laboratory
companson.

(3) All benchiop quality conuoal blood sumples were sct up in
Midvalc at the same time the participant sumples were prepared.
{4) Quality control sampics prepurcd in the Cincinnati
laboratory were inciuded in afl analyucal runs, These samples
consisicd of human blood samples with Icad content determined

by isctope diiuiion mass s0elvTiels. ne frnan
methed,

(5) Samples whose duplicate lead values giffered by more nan
3 ug 4L} were reanalyzed. This occurred n less than 27 of
the samples.

2 A4

Protocol for Residential Envirunmental Sample Collection
and Analysis

These procedures address the sampling of water. intenor ang
extenor lead-based paint, househoid interior surtace dust.
extenor surface dust and soil. Dewils of methods development
and their application in other lead exposure situations can be
found in Quc Hce eral. (198995): Clark et ul. (198S);
Bornschein er al. (1985); Bomschein et al. (1989

Lead pains (PbB) screening

Screening of interior and extenor surfaces were done « i an
X-tay fluorescence lcad-in paint analyser (referred ‘o o in
XRF); the model XK-2 and XK-3 manutacturey v
Princcton-Gamma Tech were uscd. These instrumcents e pure
lead in paint on an area basis, as mg Pb cm™%. Three ~aungs
per surface were made. Al least one wall and on¢ :rm i ~& 2
of the primanly occupied areas (enury room, liv.ag mum,
child’s room) of the residence were screened. Three wnaes
were evaluated on the outside. Thus nine surfaces :n s smund
a residence were measured in triplicate. Unpained wrxes
were not screened. These included panelling. eetipaperey

walls, unpainted brick and unpainied sidings, wixdes e¥ eny=="—

non-paint finishes.

Internor household surface dust

Intenior surface dust was sampled using a smail v uum pamp
o obtain dust from measured areas. The dust coliexwed may
have arisen from househoid and/or non-household sources The
amount of dust obtained was weighed and the lcad coneent of
the dust expresscd as either ppm (weight content) or ug m-’
(area content). The relative dustiness of the samplc arcas may
be expressed as weight of dust collected per unut area.

A composite sample was obtained from three measured
areas frcquented by the children in the reswdence. The areas
were:

(1) A floor directly inside the main entry 10 the residence.
(2) A Qloor in the most frequenty occupicd room (usually the
living room or kitchen).
(3) A floor area in the child's bedroom.
Field duplicaes were obtained at 10% of the residences.

Exerior surface dust and sodl

Two types of samples were obtained, rcpresenting different
surface conditions. Soil cores of 2 cm depth were taken in
grassy arcas, gandens and play arcas, while composite surface
dust sumples were Liken with 3 vacuum apparatus on paved
areas and other hard surfaces ncar building cntnes. ¢ g front
and rcar catrances.

A composite sampie of soil cores was wken from grassy
yards adjacent to a residence. r.e. from each of tront. back and
sides, for a maximum of 12 samples per composite. Corcs were
taken at cqual spacings along the sides of the building. at s
distance of three feet from the building wall. Soit reflecung
paint conamination is found @ closc proximity W the building.



Small ot sizes and fencsas preciuded wking buiiding penmeter
sampies Zreater han 3 feet on many properues. For large
apaniment bwldings, proportionally more composited samples
were taken. A compostte sampie of soil cores was also coilected
{rom culuivated arcas accessible to children. obvtous playv arcas
or sand boxes, and from bare soit wreas in the vard. Field
duplicates were collected at 10% of the sample sies. For the
purpose of modct consgruction. the maximum scti lead sample
{(PbSwax). rrespecuve of locauon on the residenual lot, was
aiso tested for its associauon with PbB.

Soil samples were air dricd over night. They were then
sicved inw fracuons: 2 "Total Soil Fraction” which passed a
2 mm sieve and a "Fine Fraction™ which passed a 250 um sieve.
Samples were dried 10 a consant wcight prior ©0 obuining
aliquots for analysis. Samples were digested in 50 mL of
IN HNOj for 2 h. taken up in 100 mL of IN HNO3 and
analysed by awomic absorption spectrometry.

Water sampling

Two Fixed First Draw (30 minuwe stagnation) water samples
were collceted from the primary water taucet. nomally the
kichen sink. These samples were collected 30 minutes after the
water was first allowed 1o run for about thrce minutes. A
250 mL sampie was laken immediaicly upon opcning the tap
without wasung any waier. A second 750 mL sample was taken
immediatcly after the first sampie . without wasting any water
between sampile No.l and sample No.2. Field duplicates were
collected at 10% of the residences.

Spaual location of residence using Assessor's Office plat
maps

Each single family residence or aparunent building is idenufied
by a unique number in the Propenty Assessor’s Office, The
number consists of a Section number, Block number and
Individual Property number. This information was used o link
all residenual environmenul blood lead daw. In addition, the
information permiticd us o locawe cach residence on aerial
photograph-plat maps available through the Assessor's Office.
The photo maps, at a scaic of [ inch = {00 fect, pennitted us 10
locate each residence relauive 1o the site. [t was then possible
directly measure the distance from scveral suspected lead
sources, ¢.g. the distance from the former smelier site (DS) or
{rom the mill building (DM) to cach residence. The accwracy of
the measurcments was within +25 fcct, or about 2% error at
2.200 fect, the average distance {rom a residence 1o the mill
building.

Spaual location by use of a grid coordinute sysiem

The procedure of mcasuring distances {rom residence w0
specific loci such as the mill building hax the disadvanuyge that
an infinite number of such loci can be identified. More
importantly, it presumes that the coawminants originated from
a singlc point source and dispersed in a rudial patern from the
point source. Because of these problems it was decided that
cach residence should be assigned o Nonh/South-EusyWest
coordinatc as measured from the acrial plut map. The coordinate
system has as its origin the intersection of South Main Surcet
and Heather Street. Distances were measurcd in fect in positive
increments procecding Nonth or East and in negative increments
procecding South or West. Use ol such a coordinale sysiem
permitted a direct tost of the hypothesis that soil leisd or blood

iead concenurations were rancomiy disnouted. Jonv s,
gradient 1n such concenuauons could be quanulied 3n wp
East/West and NortfvSouth dimension.

Data Analysis

Descripuve siauisiscs

The frequency distnbution of PbB and the environmentai
data were plotted for visual inspecuon. PbB and environmer
Pb and As data were transformed to thewr natural loganthm :
estimates of the sample geometric mean and geometric sand:
deviaton were caiculated. The PbB distribution. stausucs
adjusted {or the age of the sampled children was also oowin
These distributions were compared to availabic nor
(Mahaffey et al., 1982; CDC, 1985). Simpic bivari
correfations among the exposurc variablcs. covanal
confounders and depende:nt vanabics were calculacd

Infereniial techniques
Since one of the purposes for collecung thew o aus

idenuify proximate sourc:s of lead responsibic ' ¢« awd
body burden (us mcasurcd by PbB), methods vv ang f
and cnvironmenuli Pb were used. However.even  winvi
Pb sources and PbB are staustically coreiaed ~  asa

readily interpretablc model necessanly resuis “ha v 0
major sources of possible Pb contamimation ae wereved
entered into a swatstical model, nesther the .1 vwswaatir
individual sources 10 PbB nor the means by whn ™ arw wu
might be alfccting childrmn’s PbB levels can ~ an - wnct

One method ltor swtisucally demonsuraung ~ - wie
Pb exposure and transpor? is the technique of \ua usr s v yua
modelling. This mecthodilogy allows the postuimam o
final outcomes (PbB in this case) and intermedume vana

. (e.g. dust lead) which s:rve as mediators of lemd etpos

These intermediate variablies may be both predscior of the |
outcome and aiso be consequences of other predsciors.
example, in the Cincinnati urban cohort swdy. the foilov
model was found to cxpiain the environmental Pb ang PHB
collected from a group of 13-month old children - Bomsc
et al., 1986).

PY in surface soil (PbS)
\
Dust lcad (PbD) — Blood lead (PbB
/
Paint icad (PYP)

Ln(PbB) = a1 + biin(PbD)
where:Ln(PbD) = a2 + bzin(PbP + byin(PbS)

This modecl suggests that dust serves as an inicrme
repository for lead that emanated onmnally from exicrion
and paint, since no dircet path from soul or paint was tound
methodology allows testing for the direct contributions of
source © body burden, as well as the indirect conunbutio
a source to the intcrmediate but cnviroamentally available |
of lcad in and around the residences of young cheldren.

The Midvale study data are correfational in nc
meaning that additional covariates, such as child's age
duration ol residency, necded to be waken ino account
Tublc ! for a list of key variables examined. In add



Table 1 - iriapies examunes .n 2eveiomng ine blood lead
moael.

Name Descripuon Units

Exposure .ariaoles

poB Venous bicod lead pugdl™

PeDoNT Residential intenor house dust ppm or ug cm

PyDEXT Residenual extenor entry dust ppm or g cm

PbSwax Maximum soil lead at residence ppm

PbSp Hause or apt. penmeter soil lead ppm

PbSG Garden soil lead ppm

PbSk Bare ares soil lesd ppm

PbSs Play arca soil lead ppm

PyW Tap water jead ppb

XRFiNT Intenor pant iead by XRF mg em?

NRFexT Extenor punt lead by XRF mg em™

Bislogica. social demographic and behavisral covariates:

TIRC Total ron binding capacity ug dL”

Het Hematocnt percent

wiC Participauon n food suppt. prog. y/n

HA House age years

SES Sociocconomic status

RT Durastion of residence at same address months

Age Child's age months

Gender Child's sex 1=male; 2=femaic

Ethnicicy Maemal race

DM Distance {rom miil 1o residence feet

DS Distance from smeiter to residence feet

LocC Location of residence relauve 1o (NS, NSz.
reference pount EW, EW?)

Eating vegetable crops y/n

Hours away from home y/n

Use of saul fill yin

Ay conditioning yn

Use of fotk medicines yin

Mouthing behaviors y/in

Paint removal y/in

Footnotes:

{nteracuons of age, agcz. RT. RT3, mouthing behaviors, hours spent
away from home and vegetable consumpuion with exposure
variables were also cxamined.

y/n = yes ur no.

interactions of age. the quadratic wrm. age?, residence time
(RT) and (RT)2, hours spent away from the primary residence
and behavioural varables (e.g. mouthing) with the exposure
variables (PbD, PbS. PbW, XRF, location) were also cxamined
in the rcgression modcel. This provided for possibly
non-cquivalent cffects of the environmiental variables across the
Jue. resudence time or behavioural spectrums, while allowing
all ot the available dawa o be cvaluated simultaneously. From
this miual regression model, insignificant (p >0).5) intcraction
wrms or main cticets not comprising any incraction vanable
were pooled with cror. At the final siep, a single structural
maodel involving PbB and all environmenul Pb variables lound
10 cifcct PHB as cxogenous variables was {it Only signilicant

main effccts and incractions or the main cllccts involved in’

INLeraclons remaned 0 N2 TOCi ALl YAmADIRS Srovicus.s

dropped from tne PhB ana envircnmenwu Pb squaucns wera
considered for tnciusion at wis slep. by regressing =acn of e
residualis ‘rom the suuctural 2gquations on these 2xciuded
variables. Such an uoproacn maximises e power ¢ discern ans
contribuicn Of these eavuonmentl scurees o Ph o ol
burden. +mie csumaung 3 medel which retlects our current
understanaing of Pb mugraucn and exposure. and allowing other
behavioural or demographic factors 10 be considered. This
strategy has been followed in our previous publicauons
(Bornschein e al.. 1985: Dietnch eral., 1986. Bomschein
et al., 1986; Bomschein ez al., 1989).

Consent

This study was reviewed and approved by the Universiy ot
Cincinnau Medical Center Human Research Commutice. Al
participants were presented with a bnef descripuon o ihe
protocol and asked to sign a consent form.

Resuits

Blood lead resulis

Niacty-scven percent of the tumilies contacied durine :he
Midvale census agreed o be interviewed. The Joor w»-Jnoe
census revealed 249 children (less then 72 months ot age 1 ..~ ing
in the study area. as well as 43 pregnant women and 22 surung
mothers. During the course of the subsequent blony .cad

screening program, 73% of the children. 42% of the pregranc——

women and 77% of the nursing mothers living in the ~tudy
had their biood (csted for possible clevations n wa <=
Table 2). A toul of 292 individuals of ail ages were wreened.
Table 3 summanzcs the blood lead levels found dunng e
course of westing. The average (geomeuwric mean: GM) hood
lead level of all children (a non-random sample) less than °2
months of age was found 10 be 5.2 ug dL-'. The geomeurc
siandard deviation (GSD) was 1.66 with a range of obscrved
biood lead levels from 0.5 to 22.5 ug dL~'. This value i very
similar 10 the csumate of average blood lead levels ot 4 0-6.0
ug dL-! in children in the United States without unusual
sources of exposure in 1990 (US EPA. 1989). Pregnam women
and nursing mothers also had very low blood lead levels with
nonc cxceeding 4.5 pg dL-'. The current levei of concern for
these sensitive populations is 10-15 pug dL-! (ATSDR. 1988).

The random scicction process resulied :n a random sample
of about 60% of thc familics in the swdy area with onc or more
children less than 72 months of age. In some cases. families had
morc than one cligibic chidd in that category. Since blood lead
lcvels within families arc corretated (r = 70; see Monana Dept
Health, 1986), it was neccssary that only one child per family
be randomly sclecied and used in csumaung the communty
blood Icad level tor children. This process yiclded a random
sample of 128 children, onc child per family. In a lew cases.
tamilics moved prioe o the complcuon of the cavironmenul
survey. [n others, the tamily did not grant permassion for the
sampling tcam 10 ¢ater the residence, and 1n one case an
apartment building owner did not grant permission (o the
sampling tcam w collect extenor dust and soil sampies. These
cvents resulted 1n some missing intcrnior or €xicrior
cavironmenul daw. While it might be possible to subsutute
community average valucs for these missing data pownts, the



Table 2 Recruumens .ammar.

Number of famiies randomiy seiccted 10 Tarucioale
Number of famtiics refusing to parucipate
Numper ol rangomuy sciected rediacement famiiiss
Number of additional Jamuites requesting .2ad
scTeenmINg | voiunteers
Total numper of families screencd
(random sampie + volunteers)

Touwl number of children screened (>6 ana <72 months)
Number of pregnant women screcned

Number of nursing mothers screencd

Number of other aduis

Number of oider children screened (>72 months)

Total number of individuals screencd

Taal numhber of children <72 munths

Children in volunteer tamilics

Siblings randomly cxciuded

Familics excluded because of incomplete
environmenta data

Data set with randomly sclecied participants
and compictc data

136

181
18
16
43

3

91

181
-15
-33
-16

112

morc staustically conservauve approach wus Liken, i.e. any case
with missing daia was dropped {rom subscquent analyses. This
resulicd in a final set of 112 children with complete blood lead.
intcrview, cxterior and interior environmenal daw. Figure 2

Table 3 Blond leud distribunion by group and age of child.
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Cnvironmentuai resuits

Tubic 4 summunzes the resuits of analvses of nier
extenior samples for lead and arscnic tor the L2 housen
the random samipic. Not all of :he residental vards cor
gurdens, burc dreas or play areas. chus the num
observauons (n) tor these sample types are less than |
46, 88 and 42 respectively. With the excepuon of
randomly dispersed samples, cnvironmental lead concent
were (ound to be weil below Lhose reported for older
communites or active smelter sites. OF all the dust
samples, 13% conwined >1.000 ppm Pb and less than 2¢
>2,000 ppm Pb. In onc older home built prior w 1911 4x
was sumpled und lound o conuun over 10.000 ppm |
children resided in this housc. The dust prabably ong
from smeltcr cmissions at the tum of the conwury Oy
residences 1n the community may have simdur dc. i
in attics and eaves. While clevaied levels of lead i1 (xun
mg Pb cm™? of surtace area) were found. they (ondes
conlined o older houses. most of which were lovaid 3
Center Succt. For those residences where 1o paimt s s
e.g. aluminium mobile homes, the fcad in it ...
reporied as 0.0 mg Pb cn2,

Thiny-six percent of the residences were touna .
interior or cxicrior paint lead concentrations >1 ) my
indicative of the presencs of icad-based paunt: ®'v "t

Distribution hy group
Group n GM GSD Minimum Mans
6~72 month old 181 5.2 1.66 0.5 228
6-18 month oid B} 39 1.62 0.5 45
Adults 43 2. 1.77 0.0 X0
Prcgnant women 8 1.6 1.43 0.s B
Nursing woinen 16 2.3 1.67 00 <3
Distribution by age of child

Midvale Midvaic Telluride
Age rarge Random s:unpk:l Toual s;mu:ok:2 Total samplc]
(months) Avcmge' Maximum Avemgc‘ Maximum Averagc‘ Max)
<12.0 3.7 13.5 34 6.5 54 16.0
12.1-24.0 5.5 16.0 5.2 225 71 IR0
24.1-36.0 50 4.0 6.0 iv.5 6.4 0.8
36.148.0 52 16.0 49 6.3 6.6 90
48.1-60.0 54 13.0 s2 1X.0 5.6 1.3
601-72.0 4.1 8.5 49 13.5 5.5 13.0
: n = 112 (random sanple with compicic cavironimental data).
© n = 181 (rundom samplc + sihlings + volunteers)
: n = Y4 (Bornschein et al.. 1YRY) - shawn tor cumpanson.

geameuic mean.

L
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Figure 2 Histogram of blood leud concentrations for the 128 randomiy selected siudy participamns (one child per rumuiyv).

Table 4 Descriptive statistcs for environmental lead and arsenic concersrations in residential samples.

n GM GSD Minimum Maximum
PbSmax 112 39891 254 58 6.665
PbSp 12 341.81 245 58 1,989
PbSG 46 294.59 2.65 57 2,746
PbSs an 313.20 2.60 24 2.920
PbSs 4?2 T77.95 5.52 1 6.665
PBDINT 112 437.70 191 119 3.602
PbDexT 112 466.16 239 9 2,984
Pbw 112 1.43 1.92 I 485
XRFINT 12 1.00 1.75 0 204
XRF:xT 12 1.24 1.63 0 149
AsSp 12 35.78 1.9% b 211
ASSG 16 34.25 2.28 10 291
AsSp 48 34.34 232 8 3s6
AxSy 42 12.39 278 1 118
AsDiINT 112 22.36 1.95 S 157
AsDexT 12 39.42 20 2 38




Table 5 Average niood iead and :Cl e3ad o¥ Jecgrapnic
quaarani.’

Table 6 Correiciion (zewiciems ror ma or .

PbSmazx PbB
Northwest Northeast r p r e}
n 42 23 PbSumax - - 0.32 D6
SES 24 27 PbSp 096  0.0001 030 000
Age (months) 3 36 PbSg 0.05 0.60 0.0l 0.95
PbS (ppm) 612 441 PbSs 0.16  0.10 022 002
PbB (ug dL™H 5.77 5.78 PbSs 039 00001 014 0.3
PbB (>10 ug dL")' 4 (10%) 2(9%) PbDEXT 0.77 00001 016 009
PbB (>10ug dL.™y? 11 2 PbDINT 0.74 00001 0.9 005
XRFoxT 043 00001 019 0.0
Southwest Southcast XRFiNT 0.36 0.0001 Q.15 0.12
SES 0.16 0.09 -0.39 0.0
M 24 39 N-S 068  0.0001 025 0407
SES 23 30 E-W -0.74 00001 024 0.0t
Age (months) 34 s DM 068 0.0001 <020 0.03
PbS (ppm) 592 130 DS -0.60 00001 -023 0.2
PbB (ug dL™") 5.27 3.80 DMPL 007 049 004 UAv
PbB (>10 pg dL™")* 5(21%) 1 3%) DMSPL -0.45 00001 -0.08 s
PbB 1>10 uy dL"w 7 3

! Origin (center) of the four quadrants is at 1700 N, 335 W,
approximately the center of the block bounded by South
Main, East Lennox. S Allen and Wasaich Avenue. The origin
ns the popuiation center for the random sample of children.

Number of children from random sample with PbB > 10
ue dL"' (n = 128).

Numbcr of children from rotal sample with PbB > 10
ugdL” (n = |81).

>6.0 mg Pb cm~2, indicating very high levels of lead in paint

Arscnic conccntrauons were higher than reported for
urban studics and rcflect the mulling and smelling activiues
which prevailed for many yeurs 1n and around Midvale. Lead
and arsenic concenudtions were generally highly correlated
(r = 0.82-0.93) within each sampie type. This strongly suggests
that the clements have been travelling ogcether, perhaps in the
same particles. [n the case of intertor (loor dust samples, the
correlation between PbD and AsD was weakest (7 = 0.82),
possibly reflecting an additional lcad source, e.g. lcad-based
paint. contributing 10 lcad dust in some but not all residences.

Table 5 summarizes the soil lcad and blood lead
concentrauons and [requency of clevated icvels in the four
geographic quadrants surrounding the caiculaied center of the
sample. The population center of the random sampic of children
examincd in Midvaic was located at coordinates +1700 N and
+335 W, a point approximatcly in the center of the block
bounded by South Main, East Lennox, South Allen and Wasawh
Avcnuc.

Table 6 summarizes the correlation between
environmentai and/or social vaniables of main interest and the
maximum soil lcad concentration lound at the residence, and
the child’s blood icad. Environmenwl soil and dust lcad
concentrations wcere gencrally modcrately corrcluted
{(r = 0.5-0.8). Corrclations between cnviromnenul lead and
blood icad concentrations were considerably weaker (7 <().35).

DM = distance 10 mill building (+2150 N: -135n A

DS = distance to smeltr stack (+4400 N, —1750 W

DMPL = distance to miil property line.

DMSPL = distance o mill or smelier site propers
whichever was cioser.

N-S = grid coordinalcs: units (feet) increasc in pwae
dircction from S to N.

E~-W = gnd coordinates: units (Ieet) increasc in 1x s
direcuon from W 10 E.

" all Icad variables were log wansformed.

The strongest correlates of blood lead we
economic status (SES) and PbSuax. Locauon of the
based on gnd coordinates was also related to blood #
distance fram the muil buitlding (DM) and sitc ot
smelter stack (DS) were only weakly associated wvut
distance from the mill property line (DMPL) was w
PbB. It should be noted that these corrclations arc t
for any other faclors.

Cnvironmerial leadiblood lead relationship

In order to adjust lor known or suspected collinex
variablcs in this daw set, ordinary least square
regression analyses were performed. The analyses
an exiensive sct of potcnual predictor varables. inchs

-interactions (sce Table 1). Non-significant vana

removed from the prediction equation by the |
buckwaurd ¢liminution, onc vartable at a time.

compliction ol this process and the formulation

reduced rogression model, cach previously climinas
was re-tested for possible re-entry into the reduced n
process was used to derive predicion cquauons or
models tor cach ol the environmental soil and duw
both Icad and wrsenic. This resulted in 12 separate
cyuauons. The finai models were quite similar for ¢
type. The results indicate that location ol residence
and amount of lcad-based paint arc common predic:
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Table 7 Regression parameter ecumaies of lead in perumeser residenuai yara ;o ‘PESp. ina inceror rouse s.oi 2-C

m= il
[ndepencent Estimate Sandard crror ¢ p R*
Depenaent. intPbDy)
[ntercegt 2.873 0.284 - - -
IniPbSp) 0.568 0.049 11.65 0.0001" 0.501
IntXRFexT) 0.222 0.115 -1.93 0.06 0.014
Rmve paint -0.131 0.128 -1.03 0.31 0.004
In(XRFexT) umes
rmve paint 0.331 0.143 231 001’ 0.020
Unresolved shared vanance 0.066
Touwl variance accounted for (R™) 0.608
Dependens: (n(PhSp)
Intercept 6.261 1.33 - - -
In(XRFcxT) 0.179 0.078 231 0.01" 0.008
EasyWest =0.0009 0.00006 -15.73 0.0001 0.358
North/South 0.0001 0.00002 422 0.0001 0.026
Housing age**" F(2,106) = 17.16 0.0001 0.050
19th century 0.040 0.157
Post-WWI[ -{.567 0.101
Urvesolved shared vanance 0.405
Total varniance accounted for (R) 0.847
* One-ail p-value.
Coded as foilows: 19th contury yes= |;no=0,
Prc-WWII yes=1:no=0,
Post-/'WWI1 yes= l;no=0.
** Intercept assumes . Pre-WWII housing.

in environmental samples. The cxplanatory power of these
staustical models were gencrally quiwe high, i.e. the variance in
lead concentration accounted for by Lhe independent predictor
variablcs ranged {rom 60 o 90%. The regression equations for
lead in dust and soul are given in Tablc 7.

In developing a final regression model for describing the
rciationship betwecn cnvironmenual factors and PbB. we ok
note of the fact that location of residence was a sirong corrclate
of maximum soil lead concentrations (PbSwvax) found on the
residential property, and PbSyax was the sirongest
cavironmental correlate of PbB. We therefore tesied the
possibility that locauon of rcsidence indirecily affecied PbB
through its influence on soil lcad concentrations or dust lead
concentrauons. The suatistical mcthod {or testing for the
prescnce of both direct and indiscet pathways such as this is
called sirucwral equations or sysiems cyuations analysis. This
data analytic techniyue involves the sisnuitancous estimation of
two or more rclaied regression cquations. Once again, the full
list of variables und, interactions fisted in Table | were
evaluated. The qualiative results ol this analysis are shown in
Fegnre 3.

The analysis supporied the hypothesis that location of
residence tndircetly impacted PhB through its relation w
PbSwax. cven though there was no discemible direct impact of
locaton of residence on PbB. In Figurc 3. the presence of an
arrow between two variables indicates the prescace ol a
covanatc-adjusicd statsucally signilicant associaion between
the two vanables. Conversely, if there 1s no linking arrow, there

is no dircct association between the variables. Fv ¢« wampm
there is no direct association between location of remssme o
house age and blood lead. However, they do indirectsy oxfhusm ¢
PbB. Table 8 contains the two system equations used © et
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Figure 3 Path diavram illusiraung varighles influcacing soil
lead, dust (ead and bloond lead. Arrows indicate statsucailv
significant associations.



Tabie 3 [« msiem #dude. t wel 0 2xzwin 23 .0 =,

Exogencus Esumate Swandard error po) R*
Depenaent. iniPb8)

Intercept 1.159 0.363 - - -
in XRFEXT) 0.164 0.095 173 0.4 0.019
IntPbSMax) 0.114 0.057 1.99 0.02 0.030
SES 0.06 0.004 -3.80 0.0001" 0.097
Mouths .

cigaretes 0.090 0.034 2.62 0.005 0.045

Dependent: (ntPbSmax)

Unresoived shared vanance 0.087

Touwl vanance accounted for (R*) 0.278

Intercept 6.329 0.139 - - . -
InXRFex 1) 0.301 0.081 373 0.0002 0.020
EasyWest -0.0009 0.00006 -1491 0.0001 0.321
Noah/South 0.0001 (.00003 451 0.000t 0.029
Housing agc F(2.106) = 16.10 0.000t 0.046
19th century .86 0.164
Post-WWIi v -).588 0.105
Unresoived shared vanance 0.431
Towl varwnce accounted tor (R7) (0.847
* One-aul p-valuc

PbSmax and PbB. Therc are four lacwors which predict PbB:
(1) level of lead in externior house paint: 12) maximum level of
lead 1n residential soil; (3) the families’ socio-cconomic suiLus;
and (4) a behavioural factor - “child mouths cigarctic buus”.
The last vanable "child mouths cigarette butts” may be
spurious. Although statistically significant (p <0.02), it was the
only mouthing variable, of 11 examined, that attained
significance. Furthermore, this positive relationship with blood
lead was no longer significant when the sampie was expanded
to include siblings (p = 0.16).

The total vanability in PhB explained by all significant
{actors amounts 10 27.8%. PbSmax accounts for a minimum of
3% of the vanance and a possiblc maximum ol 10.2%. The
cffect of location on PbSwax and PbB can be scen by first
subsulwung average housc age and maximum cxtenor paint lead
ino the rcgression cquation for PbSy . x. Then by substituting
various EastWest and North/South courdinates into the
cquation. onc ¢an generate expected soil lcad concentrations at
various rcsidential locations throughout the arca. Similarly,
various PbSmax values can be subsutused into the PbB equation
and rcsuitant cxpected PHB valucs can be estimated lor the
average child (obtained by subsuluting average SES. XRFgxr
and mouthing scores into the equation) or a ‘high risk’ child
(obaincd by substituung a low SES, high XRF:x1 and high
mouthing SCOrCs tnto the cquation.

The preceding procedure was used to gencrate the
cxpecied values tor PhSyax and PbB shown in Table 9.
Expected PhSuax values fall quickly tand in a nos-lincar
fashion) as onc moves from a site close 10 the mill building
(1,200 fect W, 2,300 fect N) 10 a site furthest East (1,200 fect
E. 2,400 feet N). A similar, albest smaller, decling 18 seen as oae
maves from the northern-most site in the study arca W the
southern-most site. Highest cxpected soid lead values are

obtained in the arca unmediately adjac. o
between Leanox Avcnue and Cen
1.800-2.000 ppm Pb). [.owest expected -
obwincd in the south-cust quadrant of thh -

150 ppm Pb). Expected blood lcad values t e ~
*high risk’ child follow .1 similar pattern. F~v w~ .
living nearest the site, the expecied PbB - eme

pg dL-! versus 4.4 ug dL-! in the south-eam mes
decline is swtistically significant. but reprewses .
small absolute differcnce in expected blood et wa r
From Tabie 9 it can be scen that for 4 hugn e
difference 15 3.5 ug dl.™'.

This small and statistically weak assocwasw s
in Figurc 4. This figure illustratcs the cxpecicy . Rangc
lcad conccntrations with increasing mavimem -
concentration found uat cach residence aficr atmsun
factors lisied in Table 8. The three lincs iilustrme e
covariatc-adjusicd soil lead/blood Icad relavonhie
average child (50 percentiic), the 95 percentiie
percentile, bascd on the observed geomeunc stanuaed
of 1.66 ugdL-'. The individual daw pownts ¢
unadjusted soil lead/blood lead relatioaships, t.e the
values have not been adjusicd for other known wun
which are contributing 10 the children’s PhB lescis
and paint lead). A would be expected. abouy
unadjusted cases exceed the 95 pereentile. As wali
later, there v a consuderable degree ol scauer o
values around the average or SO percenule line, cons
the weak association shown in Table 8 with only 2.
variance in biood lead being solely aunbutable to i
weak associauon iy in pant duc to our inability w0 1k
cenainty that soil and dust to which the child
cxposed. The apparent lack of a direct dust lead w i

=
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Table 9 Excecied biood iead icvel jor the Righ risk chiid 1esumaied ©rom ing (viiem e3u3lcn ;or PoSyax 20 .urias

grid locauons in Midvale.

NoruvSouth 1.200 600 (feet) 600 1.200
(feen West West Main St East East
5,400 N b bl 12.53 11.81 ..
4,800 N e e- 12.44 11.70 .-
4,200 N .. 13.11 12.33 11.60 b
3,600 N o 12.99 12.22 11.50 b
3,000 N 13.69 12.88 12.11 11.39 b
Center Sueet
2,300 N 13.57 12.76 12.00 11.29 10.62
1,800 N i 12.64 11.90 119 10.53
1,200 N b 12.54 11.79 11.09? 10.44*
600 N .= : .- 11.69 11.00* 10.34°
Heather Lanc v s 11.58 10.90* 10.25*
600 S i b 11.48 10.80* 10.16*

* Assumes low SES (SES = 11), high paint lcad (6 mg cm™), 19th cenwry housiny, child mouthing inediblc macra:

more than once per weck.

falls outside the study arca, i.e. no housing units at this locauon.
* Note that this area contains no 19th century housing. Therctore this valuc is an over-estimate of cxpected blaat «

for children in this arca.

pathway might also reflect sampling crror since such a path was
hypothesized and has been found in other studics. The cffect
sizc (the csumated increase in blood Icad for any given increase
in soil lcad concentrations) is also quuc smail, Qver the range
of soil concentrations from 156 ppm to 1,022 ppm (the mean
PbSMax = 1 GSD) the average blood Icad increascs at a rate of
1.1 pg dL-! per 1,000 ppm increasc in soil lead.

The final modct was also (it 10 the entire data set, i.e. the
data set conaining not only the randomly selected subjects, but
also therr previously excluded siblings. This was done due w0
concerns that exclusion of siblings with elevated blood lead
levels might result in an underestimate of the soil lcad/biood
lead relationship. When the additional 38 siblings were included
in a weighted analysis, the modct cxplaincd less of the observed
variance in blood lead. 16.3% versus 27.8%. The cxpected
blood lcad levets at the 95 percenule were also lower than in
the original and more statistically correct analysis, e.g. 12.11
versus 13.33 ug dL=' at 2,000 ppm lcad in soil. Thus, the
addiuon of siblings 0 the duta set resulted in a model which

cxplained less of the obscrved variability in blood lead levels

among the children and slightly reduced the esumated blood
lcad levels associaicd with high soil Icad concentrations.

The final modc! was also [it using distance 10 the smeiter
and distancc 10 the mill as cstimates ol residential soil lead
concentrations in place of the grid coordinaics uscd in the
analysis shown in Tuble 8. This aliernative model accounted for
only slightly less variance than the onginal model but required
muore terms, i.e. the ncw model was less parsimonious. This
suggests that the migration or dispersion of lead from the wo
sics is not fully cxplained by the simple radial dispersion
implied by this modci.

Discussion

Anytimc a random sample of chilkdren arc susveyed for lcad

exposure, a relauvely wide range of blood lead levets »d e

detected. There are several reasons why children living » e

p—

same community have different levels of lead in incw wwrs —

First, they may be currendy exposcd W different ame woes
lead from theiwr immediate residenual environment. » . <ad .0
soil, dust, paint, water, food or air. Second. they mas ne -1 ;vwey
to different amounts of lead encountered at sev ondary
residences, day-care centers or schools. Children aiw nave
different behavioural putterns which influence the amoum of
lead intake, e.g. cxploratory mouthing of objects. thumb
sucking, fingemail biting, ezc. Cultural differences 1n drex and
hygiene practices can alier the amount of lead inake. Often
unrecogniscd is the fact that fetal lead exposure or lead
exposures incurred at previous residences conwnbute to oal
lcad burden. These past exposures are reflecied w0 varving
degrees in current blood samples. Finally, analyticai error in the
mcasurement of lead in blood can add to the observed
variability in community blood lead levets.

It is someumes mistakenly assumed that biood Icad only
indicates very recent exposure. "However, blood lead levels
also give information on the relative level of exposure at more
remote ime periods™ (ATSDR, 1988). Repeat blood sumpling
over time, such as tikes place in the prospective chiidhood lead
studies (Bomschein et al., 1985) has revealed a high degree of
inter-comrclation among repeat sampling. In fact. biood lead
levels in 6.5 ycar-olds are correlated (¢ = 0.72) wuh lcad
cxposurcs occurring five ycars carlicr (Schroeder and Hawk,
1985: Mushak, 19%9). Biood icad measurcments cven reflect
some exient the level of lead exposure incurred duning the fotai
period (Bornschein and KrafTi, 1985). Thus, the geomeue mean
blood Icad obusined in a large random sample. such as that
obuiined in Midvale, is a reflection of past and current
exposurcs of the average child in the commumity.

Since 2 randim sample of children was mcasured, the
geometric mean blood lcad and the gcometric standard
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Figure 4 Covariate adjusted relationship between soil lead (PbSyax) and blood lead as determined from we <=
Table 8. The individual data points are not adjusied for covariates.

deviation can be cxicnded to repeesent all of the children in the
Midvale swdy arca. Taken in conjuncuon with the cxiensive
charactensation of lead sources and f(actors which modify
exposures, this study provides a detaikd vicw of 1cad exposure
in both low and high risk children as a result of both present
and past exposurcs. Becausc of the documemed breadth of
exposures and highly varicd mix of risk {uctors observed in this
randomly selecied cohort, it is unlikcly that {uture paucms of
exposure or levels of exposure arc going (o deviate significanly
from that which has been obscrves in the presemt study. Morce
importany, it is unlikely that fulure gencrations are going o
cncounter greater cxposures or ¢xhibit more risk factors than
has already been detected within the present community. The
most likcly trend in future community blood lead levels will be
a declinc of about 5-10% per yewr. This decline ts an ongoing
retlcction of the reduction in the amount of fcad being
introduced into the cnvironment as a result of regulawry actions
10 reduce lead in gasoline, air emissions, {ood and drinking
watcr. This decline has been going on for over a decade, and
has been seen in communitics around the warld, irrespective off
the level of lead exposure or sources in the community
(Bomnschein er ui.. 1989: EPA, 1986).

Cumrent cstimaies arc that 1990 amional average blood

lead levels in children not subjected 10 unues « &l
e.8. lcad-based paints or high lcad in dnnking e ens
40-6.0 g dL-' (EPA, 1989). The average thuxms &
found in Midvalc was 4.9 ug dL-!. This lcvel em
children cxposed t0 an average level of 400 ppm wwm
residential soil. The expecicd blood icad leved of #e
child cxposed w 60 ppm lead in soil (the lowest kver
can be cstimated from thc Midvaic regression .
(Tabie 8) 10 be 4.0 ug dL', i.e. at or below currem «
of the background blood lcad lcvel.

The low blood Icad levels found in the Mudv ub
may be in pant a rcilection of the low physcal aval
the icad contaminaicd soil. That cad which is tound
panticies (>250 mm) is less subject 10 inadvenent
Even if ingested, large particles release less of therr lea
per unit ume than smaller parucies. Even when i
containcd in smaller particles, it may not readily buws
the fcad is in the fofm of lead sulfide cmbedded n
mavrix (galena ar wilings), since stomach acid does
dissolve the surrounding quanz. Finally, there may
protcctive eifects produced by the high fevels
(90-2.900 ppm) which are also found in this soil. Sww
shown tha high dictary zinc intake reduces fead 3

[y
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'(C..;gjewskl ind Forbes, 19767, Przvious studies of mewls n

© o Midvale sous have snown that leveis of zinc in the soul range
- & from 90~2.900 ppm. a range and disuibution patern which
“u4 parallels than of lead in soil. This zinc probably came from the
4em same mitling and smelung operauons which resulteg in the lcad
a and arsemc conammnauon of residenuai soils. Other soil
- charactenistics which we did not measure. such as acidity,
+  pytfering capacity. organic content and CaCO3 might also
4 wduce bioavailability of the lead in soil (Chaney er af., 1988).

Multiple poicntial sources of lead in the chiidren’s
environment were identificd. The make-up of a child’s
environment was found to be quite diverse and variable as a
funcuon of the child’s age. It consisicd of play arcas in and
around the home, relative's homes, day-care ceaters and
ncighbouring playgrounds. A comprchensive blood lead
screening program consisung of a {requent blood sampling
beginning carly in life remains the best means of detecting
children with increased lead intake irrespective of source. Once
specific, at-risk chiidren are identified, cducation,
environmenwal monitoning and site-specific abatements can be
uscd te reduce exposures.

The resuits of this environmentai biood lead study provide
impoctant information o guide futurc blood lead screentng in
the communuty. First prionty should bc given w continued
monitoring of those families already identified as having blood
levels above the 10-15 pg dL-! level of concern. This should
be coupicd with {ocused cducational ciTorts for thosc tamilics
and effons 10 reducc clearly identified. significant lcad sources
in the family’s immediate environment. Sccond prionity should
he given to screeming familics in the northern and westem
sccuons of the community, due 10 the greater frequency of
occurrences of high paint lead and/or high soil lead
concentratons. Ultimatety all children lcss than 72 months of
age should be screened once each year, with particular auention
10 children between the ages of 6 and 36 months. While
abaicment and education can play a role in reducing existing
cxposures, it is only through screening that some cases will be
idenufied. ¢.g. a family which moves inwo the community
subscquent 1o Iead cxposure in another community, a blood icad
level elevauon following plumbing work with lead solder, or
the purchasc and use of Icad-glazed pouery.

The results of this study might also provide some insight
into the cxpected change in blood Icad levels lollowing an
incevention. For cxample, removal of soils above 2,000 ppm
Pt and replacement with soils of 200 ppm would result in 2 new
soil lcad distribution. The cffects ol this change in soil icad on
subscqucnt blood lead levels could be estimated {rom a
swusucal model. In doing so. the daw arc being uscd o nake
projections or forccasts. Numerous assumptions regarding the
exient and cffectiveness of abatements, the relauve stability of
other covariaies and the role of scecular wends must be made.
Recause of thesc fimitauons, forceasts can be cxtremcly
unrchiable. The unreliability of forceasts can be even greater if
the saning point is based on  snodel-gencrated cstimate of
community blood lead levels rather thas an actual
cpidemiological survey of community lead exposure. There are
atually very fow studies which provide direct evidence ol the
cilectivencss of an abatement ctfort (see Chamney et al., 1983).
Therefore. whenever a soil or dust abatement or remediation
effort is planncd. it would be very usclul to obtain good

environmental lcad and blood lead data prior 10 and subsequent

w the intervenuon. Caly ©v (Ais Means Jzn = 2maes -~»
obtained of the sncr-ierm anad long-term 2ifecuveness
tntervenuon.
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Conclusions

The average blood iead levels of children 1n the Migvaie stuas
area were found © be quie iow <9 ugdl™'  Three pervan:
of the chuldren exceeded 15 ugal~': 12.7% exceedea .-
ug dL-!. The average blood lead leveis in pregnant women and
nursing mothers were cven lower (1.6 and 23. ug dL."*). None
exceeded 4.5 ug dL~'. These levels are at or below current
estimates for blood lead levels in non-exposed poputations.

Lead-based house paint and lead contaminated soil were
identificd as the principle contributors 10 blood lead. The
backyground blood lead in the absence of Icad-bascd puint and
lcad contaminated soil was esumated © be about 4.0 ug 4L~

The etlect of soil lead on blood lead was both smail and
weak. Blood lead was found 1o increase 1.25 pug dL™' per
1.000 ppm increase wn Icad in soul.

Location of residence was found to be a suong predicicr
of soil lcad concentratons. Soil lead concentrations and Sy
lead concentrauons were found o be the highest in the norne=n
and wesicmn regions of the swdy area and lowest in the wutheast
quadrant of the swdy area. The difference n expecicy ~uwy
lead levels for the average child living in these twa areas a1
small but swatistically significant (5.9 versus 4.3 ug dL-

Given the large and randomly selected study ~amee ¢ »
unlikely that the remaining 30% of Midvale children have ~ovw
lead levels which are statistically different from those exeu
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Urban Lead Exposures of Children in Cincinnati, Ohio

Scott Clark, Robert Bornschein, Paul Succop, Sandy Roda
and Belinda Peace

Depantment of Environmental Heaith. University of Cincinnati, Cincinnati, OH 45267—5055. USA

Abstract

Environmental dust lead and other lead measures were highly intercorrelated for the wide range of housing in the
Cincinnati prospective study. The causal pathway revealed by the data (soil and paint lead to surface dust leaa tc hang
lead to biood leaa) has been used lo deveiop intervention strategies 0 reduce blood lead and hand lead leveis wnich
are currently being impiemented in the Cincinnati Soil Lead Abatement Demonstration Project. These interventions. soif
lead abatement. exterior cust abatement, and intenor dust abatement. are being applied in various CoOmpINalons In an
exarmination of data for chuidren residing in a single type of housing from birth, blood lead levels were comcareg
according (o three paint léad categones (low: < 2 mg cm™2; medium: 2.1 to 6.0 mg cm™2, and high: > 6.0mg cm™ ;.
Geometnc mean blood lead values were 14.1 and 12.1 ug ac™, respectively, fnr the low and medium paint ‘ead
categones and much greater for children living in housing in the highest paint lead category, 24.8 ug aLl™' These cara
suggest that for situations simiar to those in Cincinnati, priority for lead-based paint abaterment should be ccrs.cerec
for the housing with paint lead above 6 mg cm A Ln-in relationsnip between environmental lead ana blooc ead fer
chiidren in the Cincinnati study was found (o represent the data much more closely than did a linear refationsr-.a such

as that used in the current US EPA Lead Uptake/Biokinetic Mode!.

Introduction

About seven million tons of lcad have been used in the USA in
the past 100 ycars tor while icad paint that was applied to the
housing stock, pnmarily in the decades prior o the Second
World War. and about an cqual amqunt has been utilized as a
gasoline additive. most of it in the 1950s through 1970s (US
Burcau of Mines. 1989) (Figure 1). Chiidren living in or in
close proximity 10 older housing in large urban areas of the
couniry, such as in poruons of Cincinnau, Ohio, frequenty have
cxposures 10 lead from residues from both of these sources.
Although the inuoduction of new lcad inw the environment
through both uscs has been greauly reduced. lead cxposures are
sull_ common both from environmcnuwal residucs from former
uscs of each and from lead-painted surtaces that sull exist on
many of the homces that were built during the ume period when
lcad-based paint was in common usc. The Agency for Toxic
Substanccs and Discase Registry has csumated that 42 million
housing units throughout the nauon occupicd by approximately
12 million children sull contain icad- based paint (1989). These
and other children who live near or visit such homes arc
powcnually exposed by conwct with soil and dust that has
previously been contaminated with residucs (rom icad-bascd
paint.

Soils and dusts became conaminated with lead-bascd
patnt that had bcen removed [rom painied surfaces by
woatherning and other auritional processes or that had been
inentionatly removed by scraping, solvents or by abrasive
blasting. Similarly, soils and dusts ncar highways still conwin
some residues (rom automobile exhaust {allout during periods
ol ime pnor to the phase-out of the use of lead additves in
gaxoline. Graduaily at lcast a portion of this lead conamination
will be washed into gutlers and scwers and thercby be

, .
transported 10 locations where the sewage treatment piame—

sludges and stream sediments are evenwaily deposited i o
esumated that 3,000 wons per year ol lcad enters the storm runond
from residential areas of US cities with populauons vreater than
100.000 (Piwt and Ficld, 1990).

Lead is also present in the environment {rom the many
other uses for which it conunues o be uscd. such as for storage
baueries. cable covering, soider, erc. The major uscs of iead n
the USA from 1930 10 1988 are delineated in Tablc I

Recent analyscs of environmenul lcad daw irom ihe
prospecuve study of the etfects of lead exposurc on young
children in Cincinnati (Bornschein et al.. 19835) wiil be
prescnicd in this paper. The inwrrclationships amony the
cnvironmental lead levels, their association with housing of
various ages and conditions, and thetr tmpact on blood lead will
be presented.

Cincinnati Prospective Study

Since the carly 1980s over 10,000 eavironmental lead
measurements, consisting of paint, soil and dust samples and in-
situ paint lcad determinauons, have been obtatned lor the
housing of children panicipating in the Cincinnati longiwdinal
study of the effects of lead exposure on development. Over 80%
of the approximatcly 5,000 samples collected for tus study have
now been analyvcd.

Methods

Methads for collccting and analyzing interior and cxterior dust,
paint, and soil have been descnibed clsewhere (Que Hee et al.,
1985). These environmental lcad measures and their umis are
as follows: hand Icad (ug Pb), intcrior surface dust (ug Pb g™
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Figure 1 United Siates lead consumption.
Table 1 Major uses of lead in the USA (percentage of total used).
Use 1930 1940 1950 1960 1970 1980 19XK
White lead 10.0 8.4 29 08 04
7.3 s.1¢
Red lead/litharge 42 7.6 8.2 7.3 5.
Gasoline additive 0.6 4 9.2 16.0 20.5 12.0 a3t
Siworage baticries 21.2 282 22 6 43.6 60.3 176
Cable covering 27.1 13.7 10.7 5.9 37 1.3 1.3
Ammunition 43 7.2 31 4.3 5.3 45 43
Solder 15 31 76 5.9 3.1 19 1.5
Cauiking 17 25 13 6.5 25 0.5 0.t
Towl use o9y7 782 1123 9276 1234 1973 1234

(1.000 tonnes)

Source: Adapicd from US Mincruls Yearbooks, US Depanument ol Interior, Washingon, DC.
* Duw not available separatcly.

® Estimarcd.




Table 2 Znvronmenuu ead measures by housing npe.

Post-2nd WW 19th century 1Sth century -

Envuonmenuai  pnvate Subsidized satisfactory detsdilap.”
lead sausfactory Public rehabiliuted condition private

measure’ condiuon housing housing (non-rehab.) {non-rehab
Paint ippm)

Mean 2,750 2,820 30.500 25.200
(x1 SD) - (477-15,900) (85-93.900) (3,660-254,000)  (2.500-142.000
n® . - 16 11 37 108
XRF (mg cm™)

Mean 12 1.7 1.2 73 10.5

(=1 SD) 0.4-34) (0.9-34) (0.5-3.0) (2.5-21.1) (5.0-22.00
n S1 112 111 92 163
Paint hazard®

Mean 04 1.0 0.6 4.7 9.7

(=1 SD) (0.1-1.4) (0.4-2.9) 0.2-1.7 (1.2-19.1) (3.2-29.00
n 51 112 111 92 163
Interior surface dust (ppm)

Mcan 332 490 622 1,680 : 2.360
(x1 SD) (151-733) (242-996) (289-1.340) (586—.800) (957-5.840
n 4 95 101 84 146
[nenor surface dust (mg m'z)

Mean 0.13 0.25 025 0.77 21
(1 SD) (0.04-0.43) (0.09-0.72) (0.07-0.93) 0.134.712) (0.46-9.50
n 4“4 95 99 8t 141
Intenior dustfall (ppm)

Mecan 176 .19 221 464 563
(1 SD) (55-567) (53-612) 67-727) (136-1,590) (174-1,820
n 45 97 101 75 127
Interior dustfall(ug m~230 days)

Mean 0.035 0.054 0.075 0.139 0.199
(x15D) (0.011-0.116) (0.16-0.181) (0.024-0.234) (0.029-.653) (0.047-0.841
n 45 97 9 75 127
Exterior surface scraping (ppm)

Mean 327 233 1.800 5,000 4,550

(=1 SD) (118-%05) (87-622) (611-5.280) (1,430-17,500) (1,180-17.60m
n 21 67 81 45 96

Soil core (ppm)

Mean 98 138 21 692 905
(x1 SD) (37-264) (67-284) (59-826) (259-1.840) (384-2,130
n 3 38 13 29 29

Hand Pb subject (ug)

Mean 43 438 15 10.5 15.5
(x1 SD) (1.9-9.9) (1.8-12.7) (2.7-21.0) (3.3-33.2) (5.0-47.9)
n 44 98 96 83 143
Hand Pb sibling (ug)

Mean 74 72 132 15.3 244

(z1 SD) (3.6-159) (2.7-19.6) . (4.9-35.7) (5.1-45.8) 8.2-72.7)
n 18 42 52 41 84

* Mecdian valucs per housing unit uscd in the analysis of paint, surface dust, scraping, soil core and sibling hand lcad «ata:
lor XRF the max. of 15 values per houschoid was used. Geomeuic means and standard deviauons foe all housing unit
environmental measurcs are shown,

h Det/Dilap. refers 1o housing in deteriorated or dilapidated condition as determincd by cxicrior evaluation (Clark, L9RS).

€ a - number ol housing units.

4 Fewer than 10 valucs analyzed.

¢ Paint hazard is a mcasure which includcs the XRF value of a surface with a qualitaive measure of the cxient to which the
paint 15 loose and therefore potentially available o a child.




Table 3 nierzorr2i2ions 1monyg environmenide .eid mesure:.

Extenor

Envuon. Interior Intenior Extenor surface Sotl
Ph surtacs Just dusuall dusuall dust core Hand e
measure XRF _ppm) my m™ ppm} \mgm - (ppm ‘mg m " scraping Subject

{mg cm™) /30 days) .30 days) ppm)  ppm)
Paint (ppm)
° 0.33 0.32 0.29 0.12 0.16 0.14 Q.11 0.30 0.30 0.190
p 0.0001 0.0001 0.0001 0.13 0.0 0.6 0.7 0.0005s 0.04 0.0t !
n 188 181 176 153 153 19 19 130 35 175
XRF® (my cm™%)
r 0.63 0.51 0.40 0.42 0.25 -0.18 0.49 U.53 0.32
n 0.0001  0.0001 0.0001 0.0001 0.02 0.3 0.0001 0.0001 0.0001
n 512 502 485 483 33 33 3 149 495
intenor surface dust (ppm)
r 0.72 0.36 0.43 0.32 0.29 0.60 0.53 0.45
P 0.0001  0.0001 0.0001 007 0.1 0.0001  0.0001 0.0001
n . 503 431 429 33 33 330 149 474
Interior surface dust (mg m™) ’
r 0.30 033 0.10 0.17 0.4% 0.44 0.36
p . 0.0001 0.0001 0.6 0.3 0.0001  0.0001  0.0004
n 423 421 33 33 326 145 364
Intertor dustfail (ppm)
r 0.73 0.00 0.03 0.38 0.32 0.30
P 0.0001 1.0 0.9 0.0001  0.0002 0.0001
n 488 R R 288 134 421

Interior dustfall (my m 30 days)

r 0.07 0.06 0.44 0.40 0.33

I 0.7 0.7 0.0001  0.0001  0.0001

n 32 32 286 134 419
Exwerior dustfall (ppm)

4 ' : 089 022 03 027 ¢
I 0.0001 03 03 0.1 i
n b} 25 9 33
Extenor dustall (my m~30 days)

r 0.14 0.67 0.37 N
p 0.5 .05 0.04 r
n 25 9 33
Exterior surface dust scraping (ppm)

r 0.60 0.36 0
4 0.0001 0.0001 0
n 104 34 1
Soil core (ppm) '

r 0.30 C
p 0.0003 ¢«
n 144

Hand lcad subject (ug)
r (
n (

" -

* Mcdian values per housing unit used in the analysis of pamnt. surface dust, scrapings, soil core and sibling hand lcud d
'? Pearson r.
© Muximum valuc obtaincd from 15 locations per residence used in analysis.
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Figure 2 Child lead exposure model.

dust and ug Pb m™*), interior and cxicrior dustfall (ug Pb g
dust and ug Pb m™ per 30 days), extcrior surface scrapings
(ug Pb ¢! dust), and one-inch soil cores (ug Pb g~ soil).
Paint lead is determined by two mcthods: in-situ X-ray
fluorescence method (mg Pb cm™2) and by labocatory chemical
analysis of parnt chips (ug Pb g~! paint). A qualitative measure
of condiuon of painted surface is aiso combined with the XRF
value 10 vieid a parnt hazard score. Each set of data from an
cavironmental visit typically consists of results from multiple
samples {or many of the environmenuil lead measures such as
paint, interior surface dust. sibling hand lead. soil cores and
exterior surface scrapings. Median values per housing unit are
used in the analysis of ail of these mcasures except XRF data
for which the maximum of the 12-15 measurements usually
collected for each house s used becausc it had slightly beuer
predictive value than the median. Housing type is determined
by an exterior qualitative evaiuation (Clark et al., 1985) which
calegonzces the housing into five major categorics: post Second
World War housing in satisfactory condition, public housing,
subsidized rchabilitated housing, twenticth century
non-rehabilitated housing in satisfactory condition and
nineteenth century non-rehabilitated housing in deteriorated or
dilapidated conditon. The rchabilitated housing had previously

Table 4 Corretciions perween nana eaa ang can: esa :r
interior aust as a functon of criia’ s age.

Child’s

age ' Pand’ Intenior dust .
(months) hazard ppm) imgm™T

6 190 0.35 0.3s 0.38

12 223 0.35 0.38 0.39

18 225 030 0.40 0.34

24 189 0.28 0.38 0.29

30 180 0.32 0.39 0.22(0.00%)
36 159 0.33 0.47 0.31

42 142 0.35 0.50 0.32

48 128 0.24 (0.004) 0.44 0.32.10.0002)
54 112 0.22(001) 0.39 0.29 (0.002)
60 ) 0.16 (0.1) 0.36 (0.0005) 0.26 (0.0

Correlations significant at p = 0.0001 uniess shown.

! Minimum

® paint hazard is a measure which includes the XRF vulue of
a surface with a qualitative measure of the extent and manncs
in which the paint is failing and therefore potenually
available 10 a child.

undergonc thorough ‘gut’ rehabilitaion, mainly in the 1970s____
that effectively replaced almost all of the interior painied

surfaces with new matcrial and the paint was rcmoved trem
most exterior surfaces by sandblasung or chemical suipping.

Resuits

Geomegic mean values /or the environmental lead measures by
housing type and ranges (+ 1 standard deviation) (Table 2)
indicate wide ranges and differences in levels depending upon

Table § Correlatons hetween hinnd lead and pains lead. iruerior dust or hand lead as a function of child's age.

Child’s

age n* Paint” Interior dust

{months) hazird {(ppm) (mg m'z) PbH
6 196 0.32 0.14 (0.04) 0.25(0.0004) 0.33
12 px ) 043 0.42 0.42 0.51
18 235 0.43 0.41 037 0.44
24 196 0.3% 0.44 0.39 0.44
30 186 (0.25(0.0003) 0.42 0.37 045
36 167 0.15 (0.03) 0.41 0.48 0.46
42 , 150 .20 (0.006) 0.35 041 0.51
48 137 0.11 (0.15) 0.20 (0.016) 0.24 (0.004) 043
54 128 0.16 (0.04) 0.30 (0.0007)  0.29 (0.001) 0.40
60 98 (.05 (0.5 0.23 (0.02) 0.27 (0.006) .48

Cuerclations significant at p = 0.0001 unless shown.
* Minimum.

P Paint hazard is a measure which includes the XRF value of a surface with a yualittive measure of the exient and
manncr in which the paint is {ailing therefore potentially available to a child.




Table 6 Leua exposure. 5icod (€33 QA ROUSIAG [OF Zroups of (rAluren divided 2y eiime 2.¢75:2 °
for chiidren reciaing in a single (voe of rousing from ourth (n = /534

Anthmetic means

1st 2nd 3rd 4ih
low} ’ chighy
29 39 £V 41
XRFuaX INT (mg cm'22 3.0 2.9 7 108
XRFvAX EXT (mg ¢cm™°) : 1.1 49 7.6 12.1
Pb DusaNT (ug g ) 1070 955 1.500 2370
Pb Soil SURFACE (g 8™) 2.540 1,960 5.830 6.830
SES 16.6 19.2 17.8 154
PbB1a o (ug g™ 9.0 120 16.6 273
% PbBis vo > 15 (ug dL.™") 7 13 58 95
% PbB1s M0 > 25 (ug dL™h k! 0 7 16
% 19th ccnwsry detenorated 7 8 18 59
% Rehabilitaied i 31 4] 2
% Public 52 44 18 7
% 19th cenwry satisfactory 7 8 20 12
% Other 3 9 3 0
XRFvax tNt = Mean of maximum X-ray (luorescence determinauon of intenor pant lead.
XRFvax gxt = Mcan ot maximum X-ray (luorescence detcrminauon of exterior paint lead.
Pb Dusu~T = [nterior surtace dust.

Pb SoilsURFACE = Extenor surface scrapings of soil/dust.
= Blood lead level of 18—-months oid children.

PbB1s Mo

housing type. Lowest lcvels occurred in the post-Second World
War private satisfactory housing and in public housing, and
highest values for the nineteenth century non-rehabilitated
housing in deteriorated or dilapidaied condition and
inermediaic for the nineteenth century rehabiliated housing
and non-rehabilitated satisfactory housing. For paint lead
analyzed by XRF, the rchabilitaicd housing had somewhat
lower values than the public housing, reflecting the fact that the
rehabilitauon occurred somewhat luter (primanily 1970s) than
the construction of the public housing (primarily 1930s through
1960s). For the older housing types (rchabilited housing and
the other nincteenth ceatury housing) dust lead concentrations
(ug g~') were lowest for inwcrior dustfall with interior surface
dust being intcrmediate and cxienoe susface scrapings being
highest

If one assumes that the dust on the children's hands has
the same mean lead concenwration as the inlerior surface dust
then the average quansity of dust on the hands of the children's
hands wouid be 9.6 mg, with a range by housing type from 6.3
10 13.0. If the average surface area of the children's hands were
known, then hand lcad could also be cxpressed as mg Pb m~2
of hand surface arca. Using an estumaic of 0.040 m* for the
surface arca of the hands of 3 10 4-ycar okt male children (US
EPA. 19K9), the geometric mcan hand lcad on a mg Ph m™*
basis would theretore be (.27 and ranging by housing type from
0.11 (post Sccond World War housing) w0 (.39 (nincicenth
century, det/dil.). following a pattern rescinbling that for
inicnior dust. These surface loadings on hands are remarkably
similar to those (or interior dust cxcept that the range by housing
calcgory 1s only onc-fourth as high.

The caviconmental fcad measures were highly

Table 7 Eavironmenal lead and blood lead leve:
lead casegory for children residing in a single cvp
housing from birth (mg Pb em™) (n = 153).

Arithmeix
<20 R
n 8s u
XRFMAX INT (mg cm'? 1.2 i
XRFMAX EXT (mg cm™) 1.4 12
Pb DusanT (ug g~') 80S 1540
Pb Soilsurract (g g™ 1940 2720
SES 17.7 164
PbBis Mo (ug dL™") 14.1 12.1
% PbBis mo > 15 (ugdL™h 34 29
% PbBis Mo > 25 (ug dL ™) 7 0
% 19th cenwry deteriorated 2 21
% Rehabilitated’ 53 8
% Public 13 63
% 19th century satisfactory 7 ¥

XRFumAx 1NT = Meun of maximum X-ray Nuores
determination of interior paint lead.
XRFwax X7 = Mcun of maximum X-ray {luores
decrmination of extenor paing lead.

Pb DusuynT = Interior surtace dust
Pb SoisuRFACE = Exwrior surface scrapings of wo
PbB1x MO = Blood lead icvel of 18-months old ch
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Figure 3 Effect of lead in paint on blood lead.

intercorrelated (Table 3). The highest » values were associated
with the comelations betwecn the mass concentration (ug g~')
of the intenior surface dust measurc and the dustfall measures
and their corresponding area loading (g m~2 and g m-~Zper 30
days. respectively) where r values ranged from 0.72 o 0.89
(p £ 0.0001).

For 18-month old children an analysis of the
cnvironmental and blood Icad data by an approach known as
strucwral equauons modcling rcvealed a predictive exposure
pathway showing the interreiationships among the various
behavioral and environmental incasures lcading 10 elevations in
bload lcad (Figure 2). This pathway showed an influence of
cxtenior surface scraping level and paint hazard on interior
surface dust, which in wm influcnced hand lcad: hand lead level
and a behavioral mcasure (maiemal involvement with child)
were then predictive of blood lcad. A similar model has been

dcvcioped for mining, milling and inaclive smelling areas

(Bomschcin et al., 1988, 1990). Thesc models Icad 10 the
conclusion that if cxterior surface dust lead level, presumably a
surrogate for paint lcad concentration and soil conaminated by
various sources, were reduced, then the blood lead level would
also be reduced. A simulaneous reduction in interior dust lead
would presumably hasten the reduction in blood lcad. These
implications arc currendy being twcsicd in the Cincinnati Soil
Lud Abatement Demonstration Project (Clark et af., 1988).
Bivanaic corrclations between hand icad and paint hazard
or intcnor surface dust (Table 4) as a function of age of child
~how statistically significant relationships (rom 6 months of age
10 60 months of age for intcrior dust and o 54 months for paint
hazard. The correlution is higher for intcrior dust cxpressed on
a mass concenuration basis (ug g~') than on an arca loading
basis (g m~2), cxcept at 6 and 12 months. and appears w peak

—

a1 42 months. Correlations between blood Jead and vew na
interior surface dust and hand lcad (Table * - reawcd
significant correlations (ranging from 0.15 w0 05! ‘mwm ~ o
60 months except for paint lead for which the comtiaam «us
significant only up t0 42 months of age.

Environmental snd Social Variables by Blond Lend
Quartile

For the 153 children who have resided in a single housing type
from birth, examined by blood lead quarule, the values for
selected environmenual, social and blood lead vanables are
shown in Table 6. Housing type diffcred greatly among the
quartiles with the percentage of children in the quaruic living
in 19th century dilapidated/deteriorated housing being 59 for
the highest quartile and only 7 and 8 for the (wo lower quarules.
The percentage of children in the quartile residing in
rchabilitated and public housing decreascd from #3 for the
lowest quartile to 29 in the highest blood lead quaruic. Extenor
paint lead valucs (XRF) increascd graduaily from the low to the
high quartile but intcrior values did not differ between the two
lower quartiles. Intcrior surface dust icad tevels were simalar for
the two lower quanilcs and then increascd for the higher two.
Exuerior surface soil (scrapings) were lower for the sceond than
the lowest quartile and were increased considerably for the
higher two quartiles. SES was similar {or all four yuarules.

Blood Lead by Paint Lead Category

For the same children residing in 2 single housing type, as
shown in Tablc 6, blood lead. housing type.and seiected other
factors arc prescnued in Table 7. An interesting feature of these
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Figure 4 Blood lead as a function of exterior swyace scraping (Ln-Ln and linear).

results is that blood lcad levels do not diffce between the lower
two of the three paint lead catcgonies (less than or cquald w 2.0
mg cm~2 and betwcen 2.1 and 6.0 mg Pb cm-2), for which
average blood lead values were 14.1 and 12.1 pg dL-',
respectively. The percentage of the children living in
rchabilitated and public housing ranged from 86 in the lower
paint lead category to 2.0 in the highest category, > 6.0
mg Pb cm™2. Graphically, blood lcad level by paint lead level
are also shown in Figure 3. Thesc daw suggest that priority
should bc given w the abatement of paint in urban housing
wherc lead levels cxcecd 6 mg cm2,

Lineur and Ln-Ln Correlations of Blood Leud and
Soil/Dust Lead

The Lead Uptake/Biokinetic Mode! that is being developed by
the US EPA for the prediction of the blood Iead level of children
assumcs linear rclationships between blood lead and
cavironmental lcad measures such as soil and dust lead
concentration. Regression cquations for soil (surface dust
scrapings) versus blood lcad and for dust Icad versus blood Icad
were dewermmined for the Cincinnau dawa for both Ln-Ln and
lincar relationshipx and are presented in Figurcs 4 and S,
respectively. Substanual differences exist in predictions off
biood lead from these two models, panicularly for soil and dust

lead concentrations below 2,000 ppm. For ex
increase in extenor surface scraping lead (om.
500 10 1,000 ppm, the lincar model predaus
increase of 0.07 pgdL-', or 0.14 pgdL™' ;
increase in lcad concentration. The Ln-Ln mode
increase in exicnor surface scraping conccnua
blood lead increase of 0.91 pgdL~! or | 82
1,000 ppm increasc or 13 times that predicied
equation. For the Cincinnau daw. the Lo-Ln moa
a much better fit, especially for exterior surface b
interior dust lead levels below about 2,000 ug g

Summary

The dust pathway appears W be 2 major onc t
lcad by young children both in older urban ascas .
mining arcas in the USA, with interior surface du:
predictive of hand Icad which in tumn predict
Interior dust lead level is influcneed by lead +

" exierior to the housing unit such as in exterior sun

Intcrior and exterior dust Icad levels in Cincinn:
greatly influenced by the type of housing involve
are highest for housing built in the nincicenth cc
poor state of maintcnance and repair. A major ing
Icad has been observed for children residing in )
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Figure 5§ Blood lead as a function of interior dus: (Ln—Ln and linear)..

the paint lead level, on 2 mg Pb cm™2 basis, is above 6.0, when
compared with blood Icad in children living in housing with
lower paint Icad leveis. Liwde if any diffcrence in blood lead
lcveis was obscrved for children residing in housing with paint
lcad levels from 0 10 2.0 mg cm~2 and between 2.1 and 6.0
mg cm™2. These obscrvations suggest that for inncr-city areas
similar to those in Cincinnau consideration should be given 10
assigning a lcad-paint-abaiement priority w those housing units
in low-income arcas where paint lead levels are above 6.0
mg Pb cm™2 and found 10 be in poor condition.
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Abstract

A survey was conducted to determine the distribution and determinants of environmental and blood lead levels near a
conventional and several cottage lead smelters and to assess the reiationship betwaen environmental ana bloog iead
levels in a tropical, developing-country setting. Fifty-eight househeoids were studied in the Red Pond community. the
site of the established smelter and several backyard smefters, and 21 househoids were studied in the adjacent. uowing
Ebony Vale community in Saint Catherine Parish, Jamaica. Elevated levels of lead n soif and housedust and elevated
blood lead leveis in children waere largely confined to the Red Pond community. In that commuruty, soil lead was !N€ e
strongest predictor of PbB among Red Pond subjects under 12 years of age. The blood lead~soil lead relaucrs~o .n
children aiffered from that reported in' developed countrigs; blood lead leveis were higher than expectea rcr ihe

household- specific soil lead levels that were observed.

Introduction

Lcad poisoning associated with conventional lead smelting in
developed countries has been described among both workers
(Lilis et ad.. 1977) und community rcsiderus (Popovac et al.,
1982; Landrigan et al., 1975: Brunckreef ef ul.. 1981). While
airbormne lead fume from smelicrs 15 the main vehicle of
environmental contamination, the most imponant route of
community lead cxposure in such scuings appears to be
ingestion of lcad- contaminsted soil and housedust, especially
by children (Roels et al., 1980). Children of smelier workers
may be at particularly high risk from cxposurc 0 lead dust
brought home on work clothes (Mornon e al., 1982; Baker
etal., 197TN.

The crclationship betwecn cavironmental lead
contamination and blood Icad lcvels in children has been
extensively studicd (Duggan and Inskip, 1988), and data {rom
sich swudics have been used to propose “inaximum permissible
levels” of Icad in soil (Madhavan er al.. 1989). However, ncarly
all previous studics have been carried out in developed
countrics with icmperate climates. Because uninienuional soil
and dust ingestion may be refated w hygicne and-to ume spem
outdoors (Duggan and [nskip, 1985). and becausc lead

* This paper summarizes a previously published repont (Malle o al.,
1991)

absorption is influenced by nutrition (Mahaffey, 1982). one
might expect soil lead - blood lead relationships 10 differ in
wopical. developing countries.

Couage lead smeiters are scauered throughout Jamaica.
The clustering of several of these so-called ‘backyard’ lead
smelters in a2 community near a conventional. sccondary lead
smelter provided the opportunity to assess. during a
cross-sectional survey conducied in October, 1987, the amount
of environmental contamination associated with both couage
and conventional smelting in the same community. In addition,
the relationship between environmenial contamination and
blood icad feveis in a wopical, developing country was
examined. A compicte repon of this survey has been reported
previously (Matte er al., 1991): this paper summanzes the
findings conceming soil lead cxposure and blood cad lcvels in
children.

Study Site and Methods

The conventional lcad smelter (‘cstablished smelier’) has
operated at the southcast corace of the Red Pond Road
community (csimaied poputation 2,.500) since 1963. reclaiming
lead from speat car baucries. The smeilier, which usually
operated for about two weeks oul of cvery two month penod,
dldnotopcrmcdumgﬂwscvemlweeksbcfotcordurmgmc

+ Capriaf icene incnrnnratine the Proceedines of the Svmposium on the Bicavailubility and Dietary Exposure of Leud.



LIPsp

" e e

A -

ry

it & 5

Table 1 Housenoids ang ctuldren errciied. communury ie2q survey Jjimaicg, oo:ooer (=%

Red Pond Ebony Vale
Selecuon Possibie Random Random
cricena backyarg sampic sample
smelter
Households
No. parucipaung (% of those sumpled) 9 (100} 49 (86) 21 (68)
Mean household size 53 7.6 44
Mean household income (USS/week) kY 42 - 93
Children tesied for biood lead. by age
(% of eligible children in
parucipaung households)
6 months-5 ycars 8 (100) 57 (93) 16 (84)
6-11 years 9 (90) 53 (88) 14 (82)
Table 2 Environmental lead levels and blood lead leveis in children at survey.
Red Pond Ebony \ ue
Mecasurement Possible Random Random
backyard sampie sample
smelter
Pb soil-area (ppm) GM 1,089* 133%=- 6
% > 500 ppm 75 R 0
Pb soii-peak (ppm) GM 7.691° 221=" 7
% 2 500 ppm 89 27 0
Pb dust (ug m™2) GM 2,790° 690°** 100
% 21,500 pyg m™’ 56 24° 0
Blood Pb (ug dL™"), by age:
< S years GM u™ P 9
% 225 ug dL™ 50 44 0
6-11 years GM 62°** j7°e 7
% 225 ugdL™ 100 40 7

* Missing for | houschold.
® Missing for 3 households.
GM geomewnc mean.

" not significant.

p values for differences in gcometric mcans, possible backyard smelter comparcd with randomly-selected Red Pc
households, and randomly-sciecicd Red Pond Houscholds compared with Ebony Yalc households: *, p <0.05. **

<0.005; ***, p <0.000S.

ug dL™' = micrograms per deciliter of whole biood. ppm = parts per million.

survey. Several crude backyard lead smelters are also known o
operate in this relauvely poor community, and some residenis
have reporncdly uscd lcad oxide-contining drums and dross
(slag) from the csublished smelter grounds for tencing and
landfill matenal. A middle-class housing devclopment, known
as Ebony Vale (cstimated populadon 1.6(00), had been reeently
completed just cast of the conventional smclter. Prevaling
winds in the arca come from the nonhcast. Load poisoning cascs
have been recognized in Red Pond but not in Ebony Vale.

Potcnual study households were sumpled within Red Pond
and Ebony Vale irom community survey maps. In addition, all
houscholds in Red Pond reporicd by established smelier

cmployees (o be at, or adjacent W0, backyard smelicr
surveyced. Blood lead measurcment was otlered for a
of surveyed households who were at least six most
Most non-participants were not at home when the dw
susveyed. The resuits ol houschold and subject sl
summarized in Tabic 1.

Al cach panicipating houschold. a qucstion
administcred to a responsible aduit who provided de.
and behavioral information about cach houschold r
one cenumetcr deep cure soil sampie in the approxin
of the yard was collected. Lead (PY) levels in such sa
be referred 10 as 'Pb soil-area’. Soil was also san



Table 3 Correlation coefficients i, between (05 0-transyormed environmeniai lead and 0i00d iedd ieveis of cniudren .n
g ) )

the Red Pona commurury.

Pb soil-area Pb soil-peak Pb dust
Blood leud levels, by age’
< 5 vears (N = 62) 0.75%>~ 0.74==" 0.57*="
6-11 ycars (N = 52) 0.71°=" 0.69*=* 037

* oniy includes children in households with no missing environmenual levels.

p values for correlauon coefficicnts: ***, p <0.0005.

Table 4 Multiple regression models of log-iransformed blood lead amony children in the Red Pond communiiv

Age Independent Parameter SE Y Model N
group variables estimate intercept re
S S yeurs Pb soii-arca (ppm)* 0.27 0.03 0.63 0.68 Al
% of yard cavercd by
exposed sail 0.0025 0.0005
Dircction trom smelter stack®
North-northwest 0.16 0.08
East 020 0.08
Southwest -0.12 0.08
6-11 years Pb soil-arca (ppm)* 0.31 0.03 0.58 0.51 o

* Log-transformed.

®n assigning ‘scciors’ of dirccuon from the established smeiter stack the northeast and southeast quadrants - -~
combined because of small numbers and similar eavironmental lead levels. The northwest quadrant was dividcy es .-
sectors because most study houscholds were in that quadrant. The west-nothwest sector was the referent calen v

potential sources of lcad contamination. such as oxide drum
fencing or lead scrap. The highest soil lead found in each yard
will be referred to as ‘Pb soil-peak’. The proporuon of each
yard covered by bare 501l was cstimated by observauon. Dust
sampies were collecied, using a published procedure (Vostal
etal.. 1973), from the center of the floor in the room where
children spend the most time. Scrapings of housepaint were
1aken at houscholds where pecling paint was obscrved. Blood
samples were oblaincd by venipuncturc.

Lead levels in wholc blood were measurcd by anodic
stripping vollammeuy (Searic et al.. 1973) by a reference
laboratory in the Centers for Discase Convrol (CDC), Health
Resources and Scrvices Administration, Wisconsin State
Laboratory of Hygicne Proficicncy Tesung Program. The limit
of quantitation was 5 ug dL~!. Every iwenucth sampic was split
and analyzed by the CDC Nutritional Biochemisury Laboratory.
The split samplc resulis obuined by the swudy laboratory
corrclatcd weil with the CDC resulis (7 = (.99) with a slope of
0.997 and intcrcept not significantly ditterent trom zcro. Lead
levels in cnvironmenial samples were measurcd by an American
Industnal Hygicne Association accredited laborawry using
inductively coupled plasma atomic cmission spectroscopy
(Natonat Institute lor Occupatonal Safcty and Health, 1984).
Lumits of quanutation were S ppm for lead in soil, 24 pg m=?
{or lcad in dust. and .01% for Icad in paint. Suil samples spiked
with known additions of lcad were analyzcd in blindcd fashion,
with an estimawd rccovery slope ol 0.947 of the amount added.

Continuous variables were transformed w .areot

' skewness in distributions ang apparent non-lincar retaamatags

between variables. T-tests and ordinary least squares regraman
were used 10 analyze environmental lead data. To avimem ¥
any iendency of blood lead values to cluster within howwims
blood lead data were analyzed using statistical prograses - M.
1981; Hoit, 1982) that empioy a Taylor series appro: snamos ©
compute suandard crrors of estimated means and regrewson
cocflicients using households (rather than individuals: s
sampling units.

Gceometric mcan Pb soil-arca, Pb soil-peak, and Pb dust were
22, 31, and 7 times, respectively, higher in Red Pond van
Ebony Vale (p <0.0005, Table 2), where the highcst woul kead
level was 150 ppm. Fourteen Ebony Vale houschoids had Pb
soil-arca levels bekow 5 ppm. Soil lead levels were sigmificanuly
higher at possiblc backyard smelter houscholds than a other
Red Porwd houscholds (p <0.005). Differences in children's
blood lcad levels wnong the three groups showed a simiiar
paucm 1o the levels of kead in soil and houscdust.

The soil and dust icvels in Ebony Vale, being low and quic
uniform, were not significantly cosrclated with blood lead levels
in that community, and the analyses reporied betow are hmaed
to the Red Pond community. Analyses of predictors of hiood
Icad within Red Pond included those 114 children for which
corresponding soil lcad and housedust lcad valucx were not

|
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Figure 1 Relauonship between area soil lead (Pb) und blood lead (PbB) umong children less than six vears of ..
Pond communuty.

missing. Among- both pre-school and school-aged children,
blood lead was morc surongly correlated with soil lcad than with
dust lead (Tabie 3). The relationship with soil lcad was suongest
among children undcr 6 years of age (Figurc ).

In separaic multiple rcgression analyses for cach age
group, backwards climination was used to arrive at the
minimum sct of vaniables best predicling biood lead. Swrting
models included soil, dust, and pant lcad levels, distance and
direction irom the smelter stack, distance 10 a backyard smelicr,
presence of a lcad worker in the houschold, ponion of yard
covered by bare soil, sex, houschold income, frequency of play
ncar a smelier, pica, ume unaucnded by an adult, and age. The
least sausucally significam prediclors by partial F tests were
dropped until only those significant at the p <0.05 level
remained. Final models are shown in Tabic 4.

Discussion

Lead comamination in the Red Porkt Communaty s reliked. in
purt, to a contamnation source well-documenied clsewlhicre:
convenuonal, sccondary lead simelting (Landrigan et al., 1975;
Brunckreet ef al., 1981: Roels eral.. 19%0). A lcss twmniliar
cowage industry, “hackyard’ lead smclung. also causes high
level Icad exposure tor ncarby reswents. While the cfliciency
of the buckyard smcltng process has not been formally swudicd,
such operauons may rectaim as litthe as 30% ol the cad in scrup:
much of the remainder is discarded in heavily-contaminatcd
dross skimmed (rom the molten lead. in addition (o fallout from

lead fume generated by smeiting, lcad conlamina
spread by lead dust that is blown or tracked from pr
or lead scrap at backyard smelter sies. The limne
lead smelting in Ebony Vale is probably due par
direction near the cstablished smelwer and to dilw
contamination by the more recent grading of |
community. In additon, cottage smeiters were foun
older, poorer Red Pond community.

The biood lead-soil lead relationship for child
Pond diffcred from that expecicd from guidelines a
in developed countrics. A modet derived from surve:
smeiters in the United States predicts a geomcetric me
11 pg dL-! among children less than six years old at
level of 500 ppm (Schilling und Bain, 1988). In ¢
univariatc model of blood vs. soil lcad in Red Po
predicts a geomeuric mean PbB of 32 pg dl.~! amo
under age six at a soil lead level of 500 ppm. In rev
from published studics, Madhavan er al. (1989) pn
‘worst case’ relauonship for the blood Icad
relationship an 8.6 pg dL=! increasc in PhB above *h
per 1000 ppm of kead in soil. From the muitivaniat
Red Pond children under age 6, the minimuin predic:
in gecometric mcan blood lead abuve background is
at a soil lead level of 1000 ppm.

[t is possible that children in Red Pond ingest
morc lcad (roin soi thun children in deveioped cou
temperate ¢limates because of differcnces in
ouwdoors, hygicne, and nuuiton. Duggan and In:



proposed such factors as expianing differences i the piood
lead-soil lead rclationship found in differeat settings in
developed countnes. One wouid expect even greater differences
in these determinants of lead exposurc and absorpuon in
developing coununes.

Diifercnces in soi lead-blood Icad reiauonships observed
across studies mav, of course. be due 1o other tactors, such as
differences in sampling methods. incomplete or inaccurate
measurement of non-sou exposure sousces, and differences in
bioavailability of lcad from different sources (Duggan and
Inskip., 1985). Soil characteristics may also affect
bicavailability; sandy soils with low organic content (as might
be found in the wopics) would be expecied to adsorb lead less
well than clay soiis rich in organic mauer (Chancy er al., 1988).
Mcthodologic factors could also account for some of the
discrepancy betwecn the findings of this study and those
reponied near other smedlers. For exampic, air lead levels could
not be mcasured during smelter operauon, and their impact on
blood lead levels could not be asscssed. In addiuion, because of
small samplc sizc and collincarity betwecn many study
variables. some vanables may conunibute o environmental or
biood lead but not de swustically significant in multivanate
modcls. Finally, some unavoidable mcasurement error in
charactenzing certain exposures. such as dust lead, may have
diluted real associauons.

Additional studics of lead-exposed children in deveioping
countries are needed before firm conclusions can be drawn
about the rciative susceptibility of such children to lead
poisoning. I[ such future studies arc consisicnt with the blood
lcad-soil lead relationship we obscrved in Jamaican children, it
would indicate that environmental health critena for soil lead
in developed countries may not be protecuve in developing
countries. -
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Abstract

Despite significant reguctions over the past decade. lead exposure continues (o be a problem for millions of chiidren in
the US. Minirmizing further exposure to lead from its numerous and diverse sources is a priorty of varous reguiatory
components of the Environmental Protection Agency (EPA), as well as other Federal and State agencies. A crtical step
1N 3ssassing lead risks is the estimation of childhood lead exposure in the future under aiternative reguiatory scenaros.
Using a wide variety of year- and age-specific data on lead concantrations in muitiple media. exposure and acvity
patterns. absorption rates and biokinetics, an integrated uptakerbiokinetic model was deveoped by EFA in 13 evew
of the lead National Ambient Air Quality Standard. The model can estimate blood lead distributions among crsorocc
populations over time. It was validated using measured environmental and biood lead data around a prmary wag
smeiter. and has been successiully applied to other point sources. An enhanced version of the moge' ~as Seen
developed to geal with a wider varniety of axposure situations, especially those at high levels. A personai comeetec 2C;
compatble version is available for assessments of Superfund sites. paint lead abatement strategies, drrmwg eater

contarmnation and other problems.

Introduction

Major declines in lcad cxposure in the US continue to occur,
duc mainly to the gradual rcplacement of older lead-buming
vehicics, the dramatic reduction of lcaded gasoline's lcad
coniwcnt and availability, the shift towards Icad-free food cans,
the ban of lcad soider use in water supplics and incrcased
corrosion conuol by public walcr suppliers. Because of its
pervasivencss and persistence in the environment and its broad
toxic properties, cffons by Federal, Sue and local governmenys
will conunuc on funther reducing icad cxposurcs. These effons
will focus on drinking waicr, industnal facilitics that process
lead and its products, lcad-painted housing and historically-
conaminatcd soils.

Deveioping sound policy and surategics for such effors
requisres evaluation of projecicd health ‘impacts oe benefits of
alicmauve prevention and abatcment measurcs, This paper
descnbes the EPA’s Integrated Exposurc/Uptlake/Biokinctic
Model which is used W cstimaic risks among childhood
popuiations expuscd o differcnt fevels of lcad from multiple
sources and media.

Model Development

In 1986, EPA’s Oftice of Rescarch and Development published
revised Asr Quality Criteria for Lewd (referred to as the "Criteria
Document” or CD) which summarizes available information on
lcad cxposure and health effccts (US EPA, 1988). The original
Cd was uscd in 1978 10 sct the National Ambient Air Quality
Swndards (NAAQS ) for lead. The EPA’s Otfice of Air Quality
Planning and Swndurds (OAQPS), as pant of its review of the
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lcad NAAQS, developed threc approaches foe
allemauve standards (US EPA, 1989a):

(1) A ‘disaggregate’ mode! which combines separaie cmpwwal
relationships, derived from epidemiological or chnca saabes
and multiple rcgressions model, between biood lead ang ead
intake from air, dust, soil, food and water.

(2) An ‘aggregatc’ model which uses a dircctly applied
mathematical relauonship between air lead and blood lead,
derived {rom community cpidemiological studies. that inciudes
contributions both trom direct inhalation cxposurc and indiecct
cxposures-via deposition of lead particles and subseyuent
ingestion: Estimated contributions from non-air sources of lead
exposurcs are derived for current and future years. based on
nationwide data on gasoline usage, dietary lead concentrauons
and blood lead surveys.

(3) The uprakesbiokinelic model which uses measured rates of
absorption or ‘uptake’ of lcad through different pathways
(inhalation, ingestion) from cxperimental studics together with
mathematical (biokinetic) modcling from lead balance studies
10 project either towl body burden or the amount of lead in any
of the physiological ‘kinctic’ compartments (e.. blood. soft
lissuc, bonc) at any time.

Al of the mcthodologies account for the fact that air lead
contributes both dirccdy (via inhalation) and indircedy (via
ingestion of deposited particlcs onto soils, dusts and crops)
wotal cxposure, along with scveral other sources (e-¢. solder in
plumbing and food cans, historically-contaminated soils,
Icad-based paint). Adjustment is madc for recent and conunuing
downward trends in gasoline, canned foods and drinking watcr.
The disaggregate and aggregatc models rely on relatonships
between blood iead and lead in different media denived from

+ Special issue incorporating the Procecdings of the Symposium on the Bioavailability and Dietary Exposure of Leud.
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approaches rcquire an assumpuon that dust and soul
soncentrauons.are in equilibrium win air icad levels, and that
the present air lead exposures reticct histonc levels. The
accuracy of these models thus depends on Lhe study populations
and sie-specific enviconmental conditions that existed. Most of
the studics were conducted 1n the 1570s and early 1980s when
environmental lcad loadings were much higher. Thus. the
aggregate and disaggregate modcling approaches present
‘snapshot’ csumates which arc less likely to provide accurate
predicuons given the significant trends in environmental lead
levels, cspecially for children, whose exposure patterns,
metabolism and physiology change rapidly.

The uptake/biokineuc maodel incorporates age-specilic
differcnces in exposwre and biokinctics, and can be used W
modcl cohorts ot children from birth. The modcel allows explicit
projccuons ol futurc lead concengauons in various media. and
In tum can be used to esumate impuacts of these different
changes on diffcrent age-groups of children. The flexibility of
the upukesbiokincue model in retlccting non-cquilibrium lead
exposures n children allows beuter cstimation of changes in
blood lead lcvels (ur other ussuc Icad levels) over time in
response 0 changes in environmenu! lead in rapidly developing
voung children comparced 10 other models. For this reason, it
was the focus of validauon excrcises described in the OAQPS
salf repont (US EPA. 1989a) and of case-swudy analyses of
alternauve lead which NAAQS descnibed in the OAQPS sttt
papcr (US EPA. 1989b). (Resuits of validation swdies of the
model using real world data collected ncur various lead point
sources wiil also be presented in a subscquent paper.) EPA's
Clean Arr Science Advisory Commiuce reviewed the difTerent
c¢xposurc mcthodologies and supported thesc conclusions
(Larson, 1989).

The model devcioped by OAQPS has since been extended
using additional dawa on bone and blood-ccll biokinetics, gut
absorpuon and transfer of lead from mother 10 newbom. The
modcl is currently programmed in a convenicnt DOS cxecutable
format for 3 wide vancty of applicauoas on the PC.

Model Description

The uprake/biokinctic modceling approuch atiempis to account
for the following: (a) thc amount of Icad in the body at any onc
lime is the product of dynamic intcractions of partially
offscuing processcs of absorpuion. distribution, storage,
mobilizauon and excreuon: (b) these processes vary with the
route and rawe of exposure. a person 's age, nutritional and health
siatus and baseline cxposurc; (¢) uptake from all sources by all
absorpuon routes can be scparatcly madeicd., thus providing an
estimate of the rclative imporance of atmospheric lead
exposurc. cither dircetly or indircedy. w0 the totl lead body
burden: and (d) past and future trends in eavironinental lead
Jevels due to different conwrol ctfurts and regulations are
imporiant determinants of projecicd cxposures.

A discussion of lead’s absorpuon, excretion, retention and
distribution within the body under different exposure and
physiological conditions is nccessary background to the
uptake/biokinctuc maodel, and is provuded in Ch.xpu.r 1) of the
CD (US EPA, 1988%).

The model conains three seprate components: (1) the
exposure model uses estimates of lead concenuations in air,
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sourcss: (2} the uplake modet uses esumales
wcad into the body {rom dilTerent sources ana ™
the biokinetic model uses the lead uptakes
concentraucns of icad in plood. bone and sott us

Estimates of Lead Intake and Uptai

Lead intake is defined as the amount of lead brc
body (i.e. consumed) by inhalauon or ingesu
exposure source, lead inwake is calculated as:

Intake = Consumpuon x Lead concentrauior
Depending on what exposure scenano is being .
concentratsons in different sources may be actuad »
or esumaics bascd on past or projecicd trends.
Lead uptake is the amount of lead absorbed
blood-ptasma sysiem for distribution into
companments or for excretion, and is calculawey

Uptake = Intake x Absorption factor
Uptake esumatcs from air, soil. dust, food and «.
and used as input o the biokinetic model.

A descnption of the relevant data and as s
cstimating the dilfcrent exposure parumetcrs o
valucs and absorption r:tes is given in the ¢ A.
report (US EPA, 1989a). The cxicnsive lieve
nccessary in documenung these paramelcr ¢ s
in that report. 'Default’ values uscd in the curres
modcl are presentcd below tor illustrutive e
parameters in the mode! are assigned lower o~
values defincd by the ringe of available dus
reliability and rclevance. Midpoint cst.me
paramcters are considered best esumates s
incorporated into the exposure analyses used b
As with any of the purameters. sensitivity »
user-specified paramcier values are conveneem
should be an integral punt of the model’s appms
parameters, such as soil ingestion rales, soil absorp
house-dust concenuratons are highly influenue
predicting childhood biood lead levels. When
users should attempt to collect sitc-spec:
environmental Icad concentrauions in vanous met
soil, dust, air and drinking water. EPA is deveis
guidance on use of the model which wiil explan m
and use environmenuai lcad data from specitic suc

Air lead intake

Air Icad intke is calculated in several sicps:

(1) Ouwloor and indour lcad concenuations a
Indoor air icad can be esumatwed by muitiplying am
concentrations by (0.3-0.8 if modcling a ypical

donunated by relatively fine lead parucies (US
Table 7-6). I a lead smelter or other pomt sourcy
a tactor ot 0.3 is denved (rom the literature (Cohe
1980).

(2) Time-weighted average concentrations of

calculated using indoot/outdoor aclivity pattcrns
vutdoors varics mnong young children depen
scason, geographical location and famity beha
consisient estimates appear in the litcrature (Pop
were confinned by informal surveying of paren




Table | Age-specific exwosure parameter values for leaa upiake moce!.

Age group (years)
Parameter <1 1-2 2-3 -5 56 6-7
Hours spent
outdoors -2 1-3 24 2.5 2-5 2-5 -5
Venulation
rate (m’ day™") 2-3 3-5 45 45 5-7 5-7 6-8
Dietary lead
intake (ug day™") 1.5 3.9 10.4 10.7 10.8 1.3 11.9
GI absorpuon
rate (%) 42-53  42-53  30-40 30=40 3040 3040 18-24
Dirt ingesuon
(mg day™") 0-85  80-135 80-135 ®0-135 70-100 60-90  55-85

19892}, and are summarized in Table 1.

(3) Air lcad inwake is estimated by multiplying time-weighted
air Jead concentrations by the volume of air respired. Average
venulauon rates were constructed {rom mcusurements reporicd
in the litcrature and scaling factors bascd on body size and lung
capacity (Altman and Diuwtmer, 1971, 1972; Nutrition
Foundation. 1982, 1985: Phalen er ul., 1985; sce Table 1).

Air lead uptake

Only a portion of inhaled lead is deposited in the lungs and
subsequently absorbed into the bloodsucam. The deposition
efficiency of lead particles depends primarily on their size, and
on physiology and rate of breathing of the individual. Some
particles not deposited will move up the airways and be
swailowed. Avaiiable daia on icad parucie size distributions,
particle deposition paticrns in the lung and respiratory
absorption of lead particies were used to cstimate deposition
efficiencies of airbome lead particies in young children (Cohen,
1987). A respinatory deposition/absorption rate of 25-45% is
calculated for young children living in non-point sousce areas,
while a rawe of 42% is caiculated for those living near point
sources of lead.

Towal lcad upwike (rom the air is the product of total intake
and the lung deposiuon/absomtion factor.

Dietary lead intake

The Multipic Source Food Model was developed in the 1986
CD and cxtended in the OAQPS caposure report (US EPA,
1989a) using the most recent data on icad in different foods
from solder, air lcad deposition on crops and soils and evenuuad
uplake, tends in canned food manufacwring, gasoline lcad

emissions and icad in drinking water. and age-specific dictary |

patlerns. Age-specific dietary lcad intakes cstimated for US
children for 1990-1996 arc given in Table 1.

Given the wide spatial and iemporal diswribution of food
in the US. it was assumed that most people receive roughly the
same lcvels of lcad in their dict. However, there can be
considcrable variability due to such things as local
conamination of garden vegctables or frequent use of imponed
canncd foods that may be scaled with lead solder. Perhaps of
even greater significance is the cunsiderable variability in
cxposurcs to lead in drinking wawer which can vary from city w

city or housc 10 housce depending on source water charucieristics:

and the age and type of maicrials in the distribution system and

household plumbing. Some drinking water coolers 1n xchoois
may also be of concem bccause of lead-soldercd parts or
lcad-lined wnks. The model allows alternate factors and + uues
for {ood and drinking water to be included according w0 user
specifications. Allowance 1s made for differences n ¢arxen
crops, meat (hunied game), imponied canned food ux eud
levels in tap water that is either first-draw or flushed any
water fountains.

Dietary lead uptake
Only a portion of ingested lead is absorbed into the bloodsream

from he gasuwointesunal tract (GI) or gut This depencsTt——

upon the composition of the diet and physioivdiai and
nutritional status of the individual. Based on balance stubies on
infants and adults of lead in dict and excreta. gut ab~orpuon
rates were estmated for intermediate ages of children see
Table 1).

These rates do not reflect the wide degree of inter-subject
variability observed in the literature noe other factors that
inflyence absorption in children (fasting conditions,
deficiencies in calcium, iron, protein, erc.). As for other sources
of vanability, this is accounted for in calculatiny popuiauon
distributions of blood fead levels around estimawed average
blood lead levels. The model will allow altemate gut absorpuon
rates for lead in diet or lead in soils or paint (see below) 10 be
specified.

Total dietary lead uptake is calculated as the product of
dictary intake by the gut absorpuon rates.

Dust and s0il lead intake

Concewirations of lead in soil und dusi. Ingestion of Jead in
street ank§ houschold dusts and in outdoor surface soil (e.g. the
top 2 cm) during normal hand-mouth activity is a major source
of uptake in young children (and worse in children with pica).
Perhaps more than any other exposure source, it is desirabie o
input measurcd concentrations of Icad in these medha into the
modcl for reliable blood lead esumates.

Since fuwrc scenarios under altemative lcad NAAQS
were being asscascd, the OAQPS exposurc repont (US EPA,
1989a) cstimaicd soil and dust lcad levels that would be
associated with ditTerent air icud concentrations. Many complex
variables influence soil and dust lead levels, such as deposiuon
rates, chemical and physical characteristics of the fead parucies
and soils, topographic and metcorological conditions, frequency
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of sireet wasnuings and precipilaucn. munoif, ackround dust
concentrauons and uanspornt of dusts and souls into homes and
buildings. Given tne avaslable data. changes in soil and dust lead
were direcdy modelled using regression analyses from studies
i which lead in aur tPbA), scil (PbSy andsor dust (PbD) was
measured at gver <) sites near and in broad specuum ol homes
and neighborhoods. given the nature of the analysis, emphasis
was on dawa collected near operaung pnmary and secondary
lead smeiters, battcry plants and other non-ferrous smeiters
(zinc. copper).

The dcrived linear relationships, given below and
discussed in dewtl in Appendix B of EPA, 1989, are for
predicied geometric means depending on Lhe level of available
information. _ .

Predicting PbS (ppm) when PhA (mg m ™) is available:
Geomctnc mean PbS = 53 ppm + 510 (PbA)

Predicting PbD (ppm) when only PbA is available:
Geomcunc mean PbD (ppm) = &) ppm + (PHA)

Predicting PbD when both PbA and PhS are available:
Geometnc mead PbD = 31 ppm + 638 (PbA) + 0.364 (PbS)

These relationships reficet bascline, historical
accumulations of gasoline and point source emissions and pwunt
lcad. Account was made for the tuct that indoor dust lcad is
related not only 10 paint lead but also to lead tracked in trom
outdoors. Data on ume scales for soil und dust lcad changes are
incompicte. The monitoring daw' scts used to derive the
coefficients jor these equations are assumed 10 be in dynamic
equilibrium at the ume of sampling. In using these cquations.
the inherent unceriintics in making this assumption should be
recogmized. Lead in undisrbed sml matrix persists for an
exucmely long ume. but soil lcad concenwauons in disturbed
(especiaily urban) cnvironments appear likely to change, on
average, over periods of a few vears to reflect changes in surface
deposition. Interior dust lcad concentrations will likely change
over similar umc periods in response (0 air lead changes.
depending on interior-cxicnior access and intenior recirculaton
or removal of dust.

Concentrations of lcad in dust and soil due w0 fluking,

peeling or ‘powdenng’ of lcad in paint used in the modcl should
be biascd on measurcments for accurate modelling. There are
inadequate data to make default esumarcs of lead inputs lrom
paint. given the considerable variability depending on housing
age, extent of detcrioration. layers of paint, family behaviors
and climate. The modet allows separate estimates of paint lead
contributions to indoor dust and soif us well as dircet inputs into
children via ingestion of paint chips.
Time-wetghted concentraton of leud in dust and soid. The
ume-weighted concenuation of lcud in dust and soil (dint) that
a child is cxposed 10 is computed using indoor/outdoor activity
estimates given in Table { by:

(PhS x ume spent outdoors) + (PbD x time spent indoors)

12 (average hours child is awake)

Amoune of dirt ingesied by children. The amount of din that
children typically ingest was cstimated in the OAQPS cxpusure
repont (US EPA, 19893) lrom availuble mass-batance studies on
children 1n which relatively non-absorbed clements in soil
{aluminum, silicon. titanium) were used as tracers (Binder
eral., 1986; Clausing et al., 1987 sce Table 1). More revent
studics that included specilic examination of tracer-clement

TCLRCCsT AN Jlly IMaKe Jl nese i TT
support tcr the cariicr ingesucn esumates »Caacr:
1989: Cavis erai., 1990). Adjustments can 2e :ixx
analyses conunue on these newer studies.

The ranges represent average €xposure estimates
not redlect chuldren wath prea. Children wath pic2 » i
hand-mouth activity or who dchiberately ngest paint
paper. dirt and other non-food iems will be exg
considerably amounts of lead compared to children
inadventendy ingest foreign substances. [t is esuma
between 6 and 12% of young children have pica, aithou
studics report prevalence rates as high as 35-50 among
olds (US EPA, 1989a). Compleie direct data on -
ingesuon among pica children arc not available. alt
worse case estimate of 1 g duy~! has been suggesied ¢
1989a).

Lead intake {rom dust and soil is computed by my
the time-weighted average concentrations by the esumr
ingesuon ratcs.

Uptake of lead in soil ard dust

Bascd on experuments on rats and ia vitro simulutio
solubdizauon ot soil and painc lead partcles in the o
1986 CD esumates that 0% of lcud ingested in dust 2
absorbed in a chuld. Ther: is some evidence Uit lead &
through the gut may (ollow a non-linear process. ¢
cvident at high doscs (US EPA. 1988). In facL improv
the upuake/biokincuc model estimates to mcasured b
levels in children living ncar a lead smelter resuited
absorpuon rate of 0.3 was assumcd for children v
4 onc-mile radius [rom the smelter, and a rate ot
assomed for children living within onc mile. A i
resulted when a rate of 0.25 was used for the enurc px
Whether the non-linearity in absorpuon rates is cxp
inake lcvels, soil lcad speciation or some phy:
phcnomenon requires additional research.

Recent daua collecied in Cincinnati and Colorads
that the bioavailability of various chemical and phys
of lead in the environment can significandy affect b
predictions (Bamschein et al.. 1989). An accompany
in this volume discusses the geochemical {aclors that .
fcad bioavailability (Hemphill eral., 1990
uptake/biokinetic mode! will be modified © be lin
chemical speciation/GI absorpuon model so tha
different soil mawnices, paniicle sizes and chemical fon
analyzed. Also, rescarch is underway o deveiop rek
between soil lead bioavailability and soil lead partick
and speciauon. Unul that time, the default GI abso
foe soil/dust lcad near a lead point source is sct at 0.2
of 0.3 is suggested lor lower-level cxposure situatic
from a point source.

Total lcad uptake from dust and soil is ot
muluplying lcad inke by the Gl absorption rates.

Leud Biokinetic Model

The biokinetic secuon of the upuake/biokinctic modc!
lead uptakes totked lrom air, food, water, sol a
calculate the amuunt ol lead excreted and stored
body compartments on a inonthly basis. The basic
to counsider lcad in dynamic cquilibrium in
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comparuments. Equanons are formulated in terms of transiuon
umes between compartments that represent well-mixed
kineucally homogenecus physiological pools, organs or tissucs
grouped together and that share lead distribution and transter
(i.e. biokineuc) properues. The body compartments in the
biokinetic section of the uptake/birokineuc model include a
blood pool, skeletal bone, the kidneys, the liver and an ‘other’
solt tssue pool.

The basic assumpuon of the biokinetic models is that the
mass of lead in each of the companments changed according o
a system of coupled first-order, linear differential equatons with
age-dependent fractional transfer rawes. Such models predict
that when the lead intake changes from one constant level w0
another, there is a direcdy proporuonal change in the mass of
lead in each compartment and the atuainment of a new
equilibrium. The raies and magnitudes of these changes are
dependent upon Lhe rates of lead flux in the tissues. and can
theoretically be calculated from a compartmental model of the
appropriate parameters. Support for a first-order kinetic model
for lcad metwabolism is demonstrated by calculations using
first-order models of soft tissue and bone concentrations of lead
and other elements (calcium, sgonuum, radium) that fit human
mcasurements, as well as by using more complcx models
(Harley and Kncip, 1985).

The biokinetics of lecad in adults have been determined
from long-ierm balance clinical studics and lead isoope macer
expeniments (US EPA, 1988). The basic biokineuc model used
here for children was developed at New York University (NYU)
from data obtined in controlled singie dose and chronic lcad
cxposures of infant and juvenile baboons (Mallon, 1983; Kneip
et al., 1983). Dynamic blood measurcments and sicady-statc
blood and organ lcad measurcments were closely fited 0
predicied concentration of lead in blood. liver, kidney and bone
(the four compartments tn which 95% of total body lead is
contained). Baseline information on human metabolism and
organ size and growth paiterns were applied in computer
simulation that was successfully validated using human autopsy
daa.

The model parameters were rcvised using measured
metabolic data for cach organ (e.g. bonc tumover raws) for
children, and were used 0 simulate organ lead burdens and
concentrations in children with conswant lead cxposure from
birth (Harley and Kneip, 1985). Although complete model
validation is not possible, the revised model is consistent with
experimental data on biood lead accumulation following dietary
lead uptake among infams, and skeletal accumulation in adults
following controlled exposures (US EPA, 1989a).

Adjustments 1o the model were made 10 include the
propogation of maiemal lead during pregnancy that persists
throughout childhood (US EPA, 1989a). This adjustment was
done using another kineuc modkl fit (0 blood-lead data collecied
longiwudinally in young children from binth 10 27 months
(Succop et al., 1987).

Since completion of the OAQPS cxposure report, the
NYU model has been extended in several directions based on
recent data. These changes are summarized below:

(1) Additional compartmentalization of the blood poolikinetic
non-lineurity in upwake of lead by red blood cells at high
concentraiions. The plasma and cxtru-ccllular (luid arc the
central distribution pool for lcad in the body. Earlice analyscs
rcgarded wholc blood as the central pool, but recent studics

have shown that the red biood ceils, «hich hold mest of e jeac
in the blood. have himited capacity for lead and should be
regarded as a saturable peripheral pool (Marcus. 1985:
O'Flahenty er ai., 1989). In some individuals, lead exposure
may induce the formation of lead-binding erythrocyte proteins
(reducing the toxicotogically significant plasma-iead
concenuauon) (LS EPA, 1988), Blood lead 15 likeiv w© tollow
a non-linear kineuc process (Marcus. 1985: Marcus and
Schwarntz, 1987), although these non-lineanues are not likely to
be imporant at whole-blood lead concentrauons less than 25
ug dL! in aduits and 20 ug dL~! in chuldren. To ailow greater
resolution of lead transfer among ussues and flexibility to deal
with high-level ‘non-linear’ uptake rates, the ‘blood’ pooi was
divided inw plasma, exwra-cellular fluid and red biood cells,
based on availabic in viiro and experimenial daw on lead
distribution. Noa-linear equations for leqad uptake by red blood
cells at high concentrauons were deveioped (rom these data.

(2) Additional comparimentalization of the bone pools. The
‘bone’ pool was divided into two companments, the cortical or
compact bones versus the trabecular or cancellous bones. In
aduits, cortical bone is about 80% of the bone matenal and
retains lead for many years. In young children. however. the
trabecular bone material develops very rapidly and consututes
a relauvely large reservoir of Icad that tumns over rclauvely
rapidly (1-2 years) compared 10 the compact corucal bone
material. The rclatively large bioavailability of lead in young
children suggests the need (o regard the bone as a “slower’ pool
for endogenous lead recycling, but not as an inent ‘sink’.

Available weight and growth data of skeletal components wee—

used in adjusung the model for cortical and wabeculas bone.
(3) Kinetic non-linearity in gut absorpuon of ingesied leud ut
high levels. As noted earlier, there is some evidence that gut
absorpuon may be kineticaily noa-linear (Aungst and Fung,
1981). The gut lead concentrations at which active tansport
mechanisms are 50% saturated appear high relative to typical
human intake (US EPA, 1988). However, recent analyses of the
relationship between biood lead and water lead in young
children indicate curvilineanty at fairly low water lead
concentrauons (Marcus, 1989: Maes et al., 1990). Equations for
parually saturable lead absorption will be included in the model,
along with equations that will allow modification of lcad uptake
for nutritional factors (e.g. calcium deficiency), soil lead
panticle size and speciation and soil mainx.

As discussed earlier. further refinement of the model
continues to be explored to account for differential
bioavailability of various physical and chemical forms of
environmental lead.
(4) Fetal lead exposure through the mother. The transfer of lcad
during pregnancy across the placental membrane not only poses
risks 1o the fetus but becomes part of the developing child’s
body burden. Prenaial lead burdens stored in fetal lissues are
climinatcd over time: 1-2 months for soft lissues (Ryu et al.,
1983), and possibly years for prenatal skelctal lcad burdens
(Succop et al., 1987). Prenatal lead exposure has been
associatcd with persistent postnatal psychomoior and
neurobchavioral deficits (US EPA, 1988). As noted above, the
current version of the Exposure/Uptake/Biokinetic Model does
account for the propagation of prenatal lead burden through
infancy. Maternal blood lcad can be cntered as an independent
variable. : e

We arc developing refinements 10 the modcling of
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malemas chiid [ad ansier Anicn M ac.due dme=jependent
changes dunng pregnancy. This opuon wiil use regression
models for adult popuiauons denved {from communuty studies
in the literature. The same air and watcr icad exposures wiil be
applied that are used for the infant. along with opuons for
maternal occupauonal or other icad exposures. Matcrnai blood
lcad will increase with age, reilecung increased resorpuon of
lead from the skelewon. Matemnal blood lcad will decrease during
most of the nine months of pregnancy due to the growth in
maternal plasma volume.

Fetal blood lead will be assumed 0 be proporuonal to
maternal blood lcad. A ratio derived from over 30 differcnt
studics consistently indicate a ratio of (0.8 to 0.9 between
umbilical cord blood lead and matemnal blood lead levels (US
EPA, 1989a). It will be assumed thut ussuc lead concenurations
in the newbom arc proporuonal 1o the cord blood level, Ratios
ol average ussuc lead concentrations to blood lecad
concentrauons derived from autopsy daw on deceased infants
(Barry, 1981) will be uscd to sct initial conditions for the
ncwborn.

Fuwre developments may include a detiled biokinctic
model for matcrnal blood Icad that is comparable 10 the
childhood model. Since the mother 1s the only ponal of entry
lor the fctus. a descriptive mode! for matemal blood lcad is
likely 10 be adequawly predictive of prenatal cxposure.

Calculating Blood Lead Distributions

Because most of the daw input to the upuke/iokincuc model
(as weil as the aggregate and disaggregate modcels discussed
carlicr) arc gencraily average cstimates. blood lcad estimates
are considcred to represcat population averages. The
distribution of blood lcad Icvels among children is broad
because there is a distribution of cavironmental lead
concenurations, a distribution of behavior pauemns that affect
lcad intake and a distribution of biological absorption and
excretion rates. [n assessing protcctiveness of aliernative
regulations or abaement surategics, it is necessary 1o determine
the blood Icad disinibution across defined population groups so
that children with the greatest potential for adverse response (o
a given Icad cxposurc can be considered.

Consisicnt with measurements ol other maicrials in Ussues
of human populations, biood Icad levels for any rclatively
homogencous population closcely follow a lognormal
distribution (US EPA, 1988). A lognormal distribution is
completcly specified by ils gcometric mean (GM) and
geometsic slandard deviation (GSD). As EPA did in sciting the
lcad NAAQS in 1978, the uptake/diokinetic model program
calculates pereentiles of a blood Iead distribution (e.g. median,
99th percenuic) around the esimated mcan blood lead level by
using the following cquation:

PbB = GM (GSD)*
where  GM = geometric mcan blood fead (estmated direeuly
lrom the upuake/divkinctic model)
7 = the aumber of standard deviations
PBB = valuc of blood lead at # standard deviations
In terms of quality conuol and sanplc size, the NHANES |l
study of 1976-1980 provides the hest available duta on
nauoawidc blood lead levels (US EPA, 19%8). Estimates of
GSDs for various subgroups of youny children froin NHANES
Il range between 1.3 and 1 4. A GSD for youny children was

sumaled al 141 aper removing e L Ananc:
evels aunbulopie (o air jead exposure. ~nhie
vanauons 1n backyround non-awr lead exposurs:
1988). Assessment of studics conductea aroun:
pnmary or sccondary lead smelters coincidentalls
wdenucal average GSD value (LS EPA. 1989,

Selection of a GSD value 1o model poputs
future lcad exposure scenarios depends on a
regarding {uture vanance. Towl lead exposure can
to continue to decline for most people due tc
downward gends in canned foods, the nauonwide
solder in plumbing, new EPA drinking-water limits
conunucd decline of lead in air and perhaps incre:
awarcness regarding lead cxposure hazards an
avoidance measures. All of these measurces shouk
only in lower mecan bascline lcad exposuscs. but ;e
imporandy, 1n fewer high-level exposure situauo
variance in biood lcad levels. Quanuitying such
estimatng a future GSD is difficult Imporwuint intor
be derived (rom NHANES 111 which wall be compa
Until then. it is suggested that a range of GST
modeled (approximatcly 1.3 ©0 1.4) with ux
conscrvative ‘best' cstimate.

The PC software application of the s
modcl graphs probabilities of different bivoy «
Urations versus probability so that the percentage
above difTerent wrget binod lead levels of concere
25 ug dL~Y can be casily esumated.

Discussion

“Ongoing rcgulmofy ciforts by diffcrent componene

conuol concenuratons of lead in air, water and som *
a nced 10 model blood lcad concenuations among
populations that dclineate specific routcs of n
exposure. Results of validauon exercises indica
uptake/biokinctic model performs well in predicung
levels in children living neas lcad point sources wat
modcratc cnvironmenul lead loadings. There s
inerest in using the model © estimate blood les
children cxposcd to high-intensity Icad hazara
deteriorating Icad paint or heavily contaminated

historical deposiion near major urban roadways
smelters or mines. Additional refincments o t
particularly the incorporation of non-lincarit:
relationship beiween lcad exposure and blood Icad.
made and arc continuing to allow application to exu
cxposurc sccnarios (e.g. >4.000 ppm). Validauo
using daws collecied around lead mines are underway
provide usctul information in further retining the m
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